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Abstract of thesis entitled: 
Cloning and Characterization of Follistatin in the Goldfish, Carassius auratus 
Submitted by CHENG Fu Yip Gheorghe 
For the degree of Master of Philosophy 
At the Chinese University of Hong Kong 
Activin, which belongs to the transforming growth factor p family, is a potent 
regulator of gonadotropin (GTH) expression and production in the vertebrate pituitary. 
The activity of activin is fine-tuned by its binding protein follistatin, a monomelic 
glycoprotein that bio-neutralizes activin by forming an inactive activin-follistatin 
complex. In the present study, a full-length cDNA of follistatin was cloned from a 
goldfish ovarian cDNA library, and it shows 74% amino acid sequence identity with that 
of mammals. To confirm the functionality of the protein, the cloned cDNA was 
transfected into the Flp-In™ CHO cells and stable clones selected. The bioactivity of 
the recombinant protein was verified by a specific assay for activin using F5-5 cells. 
Recombinant goldfish follistatin in the conditioned medium of cloned CHO cells 
significantly blocked activin-induced F5-5 differentiation in a dose-dependent manner. 
Goldfish follistatin is expressed in a wide range of tissues including the brain, 
pituitary, ovary and testis. Using primary pituitary cell culture and semi-quantitative 
RT-PCR, we have demonstrated that the expression of follistatin mRNA in the pituitary 
is regulated by a variety of factors. Treatment with recombinant goldfish activin B for 
48 hrs significantly up-regulated follistatin expression in the pituitary, suggesting a 
closed feedback loop in the pituitary. In agreement with this, incubation of the 
pituitary cells with recombinant human follistatin or recombinant goldfish follistatin 
down-regulated follistatin expression, which is likely due to the neutralization of 
endogenous activin. Examination of FSHp and LHp expression in the same samples 
supports the role of activin and follistatin in the differential regulation of FSH and LH 
as previously demonstrated in our laboratory. Similar stimulatory effects on follistatin 
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have also been observed with gonadal steroids estradiol and testosterone. To confirm 
the effects of gonadal steroids, we performed ovariectomy in the goldfish followed by 
measurement of follistatin mRNA levels in the pituitary. It was found that the 
expression of follistatin in the goldfish pituitary significantly decreased 5 weeks after 
ovariectomy compared to the sham-operated fish. Seasonal variation of follistatin 
mRNA expression in single pituitaries was also examined during a 12-month period 
with samples collected every month, but no significant expression profile was 
established. Our preliminary results also showed that treatment with forskolin, an 
activator of adenylate cyclase, suppressed follistatin expression, suggesting a role for 
cAMP-dependent pathway in the regulation, while treatment with GnRH for 24 hours 
elevated the expression of follistatin. These studies provide clues to the potential 
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In vertebrates, the coordinated actions of hormones and growth factors on the 
hypothalamic-pituitary-gonadal axis are essential for reproduction. In general, the 
development and maturation of gonads are controlled by pituitary gonadotropins (GTHs) 
(Goetz, 1983), follicle-stimulating hormone (FSH) and luteinizing hormone (LH), 
which in turn are regulated by various endocrine and neuroendcrine factors such as 
gonadal steroids and gonadotropin-releasing hormone (GnRH). In the pituitary, activin 
(Ling et al.，1986a, Ling et al., 1986b, Vale et al., 1986) is produced and serves as a 
potent local (autocrine and paracrine) regulator of GTH, particularly FSH in mammals 
(Corrigan et al., 1991)，while follistatin (FS) (Esch et al.，1987, Robertson et al.，1987, 
Ueno et al., 1987) bio-neutralizes activin (Nakamura et al., 1990) and blocks its actions 
(DePaolo et al., 1992，DePaolo et al., 1991, Sidis et al., 2001, Sidis et al., 2002). The 
intrapitutary activin-follistatin system may therefore mediate the regulation of GTH 
expression by other factors. 
1.1 Gonadotropins (GTHs) 
1.1.1 Structure 
GTHs are heterodimeric glycoprotein hormones produced in the pituitary. In 
teleosts, it had long been believed that the whole reproductive process is regulated 
solely by a LH-like GTH (1978). In the past two decades, however, the concept of GTH 
duality in fish gradually became accepted after two chemically distinct forms of GTHs 
were isolated and cloned from various teleosts including the goldfish (Chang et al., 
1990d, Elizur et al., 1996, Hassin et al., 1995, Sekine et al., 1989, Suzuki et al” 1988a, 
Suzuki et al., 1988b, Swanson et al.，1991, Van der Kraak et al., 1992，Yoshiura et al., 
1997). The two GTHs, designated as FSH (GTH-I) and LH (GTH-II), are non-covalent 
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dimmers consisting of a common a subunit and a hormone-specific (3 subunit. The 
tertiary structures of the subunits are maintained by internal disulphide bonds, 5 in the a 
subunit and 6 in the P subunit (Gharib et al.，1990). 
1.1.2 Function 
GTH actions on the reproductive system have been well documented (Reel & 
Gorski, 1968, Richards et al., 1998, Zirkin, 1998) and definitively demonstrated in 
recent transgenic animal models. The hypogonadal (hpg) mutant phenotype of 
gonadotroph-ablated mouse shows that GTHs are essential for the development of 
gonads (Kendall et al., 1991，Markkula et al., 1995，Markkula et al., 1993). The 
gonadal development results in biosynthesis of various gonadal steroids that in turn 
govern various stages of gametogenesis (Bums & Matzuk, 2002，Nagahama, 1994) 
In the salmonids, the distinct expression patterns of FSH and LH during the 
reproductive cycle demonstrate their different functional roles in fish reproduction (Prat 
et al., 1996, Swanson et al., 1991). FSH is found to be important for vitellogenesis and 
early gonadal development whereas LH is predominant at the later stage of reproductive 
cycle to drive the final gonadal maturation, i.e. spermiation in the male and ovulation in 
the female. 
Unlike those of salmonids, FSH and LH in non-salmonids such as perciforms and 
cyprinids do not seem to exhibit differential expression patterns in the reproductive 
cycle (Elizur et al., 1996, Gen et al , 2000, Kobayashi et al., 2000，Yoshiura et al., 1997). 
In the goldfish, both FSHP and LHp increased concomitantly as the ovarian cycle 
proceeds to maturation, suggesting that gonadal maturation is controlled by both GTHs 
(Yoshiura, 1997). The similar patterns of expression of FSH and LH in the goldfish 
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ovarian cycle may be related to the asynchronous development of the follicles in the 
ovary. Unlike the situation in the salmonids, both vitellogenic and post-vitellogenic 
oocytes are present in the ovary of mature goldfish, and therefore FSH and LH may be 
equally important for the whole process of ovarian development (Kanobdee et al., 1979). 
However, the indistinguishable patterns of expression of the two GTHs and the relative 
low transcription level of FSH in the goldfish (Yoshiura et al., 1997) have led to the 
speculation that FSH may not be relevant for gonadal development and function. 
Production of recombinant FSH and LH, and studies on their regulation during the 
reproductive cycle will shed light on this issue. 
1.1.3 Regulation 
Because of the unique expression profiles of the two GTHs, at least in the 
salmonids (Swanson et al., 1991)，and the importance of the hormones in gonadal 
devlopement and steroidogenesis in teleosts (Kapur & Toor, 1979), many studies have 
been carried out to characterize the factors regulating their expression and secretion. 
The regulation of GTHs include the neuroendocrine regulation from the hypothalamus, 
the endocrine regulation from the gonads and the paracrine regulation from the pituitary 
(Fig. 1-1). 
1.1.3.1 Neuroendocrine and endocrine regulation of GTHs 
Although teleosts do not have a functional hypothalamo-hypophyseal portal system, 
its anterior pituitary is directly innervated by hypothalamic neurons that produce and 
release neuropeptides and neurotransmitters (Ball, 1981, Blazquez et al” 1998). The 
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Fig. 1-1. The hypothalamic-pituitary-gonadal axis. GTH is produced from the pituitary. 
Its expression, synthesis and release are controlled primarily by intrapituitary activin 
and hypothalamic factors. GTH in turn governs gonad development and maturation. 
Sex steroids and gonadal peptides (in particular inhibin, activin and follistatin) produced 
from the gonad exert feedback control to both the hypothalamus and pituitary to 
determine the final level of GTH in the circulation. 
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hypothalamic factors as in mammals (Belchetz et al., 1978, Clarke & Cummins，1982). 
In addition, the expression and release of GTHs are also influenced by other endocrine 
hormones such as gonadal steroids throughout reproductive cycle (Borg et al., 1998, 
Dickey & Swanson, 1998，Gen et al., 2000，Kobayashi et al., 2000，Trudeau et al., 
1993a, Trudeau et al., 1991, Trudeau et al., 1993b). 
1.1.3.1.1 Hypothalamic neuropeptides and neurotransmitters 
In teleosts, GnRH (Gur et al.，2002, Klausen et a l , 2002, Peter et al., 1986, Yu et 
al., 1998) and the catecholamine dopamine (DA) (Chang & Peter, 1983，Melamed et al., 
1996) from the hypothalamus are the principal GTH stimulator and suppressor both in 
vitro or in vivo (Blazquez et al., 1998, Yaron et al.，2003). In general, GnRH has 
stimulatory effects on GTH mRNA expression (Klausen et al., 2002), synthesis (Khakoo 
et al., 1994) and release (Chang et al., 1990c) in the goldfish, and the extent of 
stimulation is greatest on sexually matured fish (Sokolowska et al., 1985, Trudeau et al.， 
1991). In contrast, DA suppresses the release of LH (Chang et al., 1984) by inhibiting 
the GnRH neurons (Yu et a l , 1991). Besides, the DA nerve fibres also innervates the 
gonadotrophs in the pituitary (Kah et al., 1986) to directly antagonize the effects of 
GnRH. Interestingly, the effectiveness of DA inhibition also reaches maximal in 
pre-ovulatory fish (Sokolowska et al , 1985). These pieces of evidence suggest that 
the number of GnRH and DA receptors is also subject to regulation during the 
reproductive cycle in teleosts. The up-regulation of GnRH receptors has been reported 
in juvenile red seabream, Pagrus major, after implantation with GnRH agonist and DA 
antagonist (Kumakura et al., 2003). Other neuropeptides in the brain, such as pituitary 
adenylate cyclase-activating polypeptide (PACAP) and neuropeptide Y (NPY), and 
6 
gonadal steroids can also modulate the activities of GnRH and DA (Trudeau et al., 
1991). 
1.1.3.1.2 Gonadal steroids 
Regulation of GTHs by gonadal steroids such as estradiol (E2) and testosterone (T) 
is complicated as the effects are hormone- and stage-specific. An increase of gonadal 
steroids generally stimulates LHp subunit but suppresses FSHp subunit when the gonad 
matures (Yaron et al., 2003). However, ovariectomy in the goldfish caused a burst of 
FSH secretion, whereas the circulatory level of LH remained relative unchanged 
compared to sham-operated fish (Kobayashi et al., 1989). In agreement with this, the 
increase of FSHp mRNA level in ovariectomized fish was blocked by steroid 
implantation (Kobayashi et al., 2000). Similarly, steroid replacement in the 
ovariectomized Mediterranean sea bass (Dicentrarchus lahrax) also drastically blocked 
FSHP transcription even below the basal level, but it caused a weak response of LHp 
subunit (Mateos et al., 2002). The inhibitory role of gonadal steroids in teleosts was 
further demonstrated by suppression of FSH release in juvenile rainbow trout after E2 
implantation (Saligaut et al., 1998). The pituitary responsiveness to the steroids in 
teleosts appears to vary with different gonadal stages (Khan et al., 1999). The 
implantation of E2 and T up-regulate LHp expression and the stimulatory effects in 
juvenile goldfish are 2-fold greater than those in mature fish (Kobayashi et al., 2000). 
However, high circulatory T levels were found to be crucial to initiate LH surge in 
mature goldfish (Kobayashi et al., 1989). On the other hand, in vitro studies have 
demonstrated that gonadal steroids stimulated the expression of both FSHp and LHp in 
the goldfish (Habibi & Huggard, 1998, Huggard et al., 1996, Huggard-Nelson et al., 
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2002，Sohn et al.，1998). The discrepancy between in vitro and in vivo GTH response 
towards sex steroids suggests that steroids regulate goldfish GTH at both the brain and 
pituitary levels, which may involve the metabolism of catecholamines (Olcese & de 
Vlaming，1979) and DA (Trudeau et al., 1993c). 
1.1.3.2 Paracrine regulation of GTH 
With gradient centrifugation using bovine serum albumin (BSA), it is possible to 
isolate or enrich a defined pituitary cell population. The intrapituitary communication 
was illustrated when different cell populations were recombined and incubated (Denef 
& Andries，1983, Vankelecom & Denef, 1997). The concept of paracrine regulation of 
pituitary hormones has been substantiated by immunoneutralization of specific local 
factors in vitro by antibodies (Cai et a l , 1998). The potential intrapituitary regulators 
include activin and follistatin, reimin-angiotensin system, cytokines and related growth 
factors, and other peptides (Schwartz, 2000). 
1.2 Activin 
1.2.1 Structure 
Originally isolated from the ovarian follicular fluid in mammals (Ling et al., 1986b, 
Vale et al.，1986)，activin was identified as a 24 kDa dimeric protein consisting of two 
3 subunits, pA and PB. The nomenclature of /5 subunit is derived from another 
protein in the ovarian fluid, inhibin, which has a potent inhibitory effect on FSH release 
from the pituitary cells (Robertson et al., 1986, Vale et al., 1988). The assembly of pA 
and pB subunits gives rise to different forms of activin, activin A (PAPA)，activin B 
( P B P B ) and activin AB (PAPB) . Both subunits have high sequence identity across 
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vertebrates. As a member of TGFp superfamily, activin is likely to have, a single 
disulphide linkage between two mature peptides, with each subunit having four 
intramolecular disulphide bonds (Ling et al.，1986b，Ying, 1988) - characteristic 
structures for transforming growth factor /3 (TGFp) superfamily (Daopin et aL, 1993， 
Daopin et a l , 1992). Additional ^subunits, /3c (Hotten et al., 1995), /3D (Oda et 
al., 1995) and /5 e (Fang et al.，1996)，have also been reported in a number of 
vertebrates (Ethier & Findlay, 2001)，but their physiological roles remain unknown (Lau 
et al., 2000). 
1.2.2 Function 
As a member of TGF /3 superfamily of growth and differentiation factors (Hu et 
al., 1998，Massague, 1998), activin has later been demonstrated in a variety of tissues 
(Meunier et al., 1988b) with diverse biological activities including endocrine synthesis 
and release, tissue differentiation and development (Chen, 1993). In fish, both p 
subunits (Ge et al., 1997a, Yam et al., 1999b) have been isolated from the goldfish ovary 
and were also found to distribute in diverse tissues, suggesting that activin also serves 
different autocrine and paracrine roles in a variety of physiological processes. 
Activin acts through its specific receptors including two kinds of type II receptors 
(ActRJIA, ActRIIB) and two type I receptors (ActRIA, ActRIB) (Attisano et al., 1993, 
Attisano et al , 1992, Donaldson et al., 1992, Willis et al., 1996), as depicted in Fig. 1-2. 
After activin binds to the constitutively phosphorylated type II receptor (Mathews & 
Vale, 1993), a type I receptor is then recruited to form a heteromeric receptor complex 
followed by phosphorylation of the type I receptor (Attisano et al., 1993). The 
phosphorylation/activation of the type I receptor in turn activates the intracellular 
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Fig. 1-2. Mechanism of activin signaling (reconstructed from Peng, 2000 and Philips, 
2000). When activin binds to the constitutively phosphorylated type II receptor, a type 
I receptor is then recruited to form a heteromeric receptor complex followed by 
phosphorylation of the type I receptor. In turn, the cytoplasmic signaling molecules, 
Smad proteins (Smad2 or Smad3), are phosphorylated. The activated Smad2/Smad3 
then forms a trimeric complex with a common Smad, Smad4. Upon translocation to 
the nucleus (Lebrun et al., 1999)，the phosphorylated trimer binds to the c/^-acting 
elements (activin responsive elements) at promoters together with other transcriptional 
factors to regulate expression of target genes. An inhibitory Smad, Smad7, blocks the 
phosphorylation of Smad2 and Smad3 and contributes to the cytoplasmic inhibitory 
mechanism of Activin signaling. ActRI: activin type I receptor; ActRII: activin type II 
receptor; FAST: forkhead activin signal transducer-I; P: phosphate group 
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activin mediator molecules, Smad proteins (Smad2 or Smad3) (Zimmerman & Mathews， 
1996). The activated Smad2/Smad3 then forms a trimeric complex with a common 
Smad, Smad4. Upon translocation to the nucleus (Lebrun et al., 1999), the 
phosphorylated trimer binds to the c/^s-acting elements (activin responsive elements) at 
promoters together with other transcriptional factors such as FAST (forkhead activin 
signal transducer-I) to regulate expression of target genes (Chen et al” 1997). The 
importance of this signaling pathway in vertebrate reproduction was unveiled by a null 
mutation in ActRII gene (Matzuk et al., 1995). The genetically defected mice had low 
fertility due to poor FSH production. It demonstrates that the activin signaling cascade 
involving its receptors and likely Smad proteins is essential for activation of FSHp gene 
transcription. Consistently, the fertility of the female rats with activin B gene deletion 
was significantly reduced (Vassalli et al., 1994). 
Although activin was first identified in the gonads for its specific stimulation of 
FSH in the pituitary without significant effects on LH secretion (Ling et al., 1986b, 
Robertson et al.，1986, Vale et al , 1986)，further studies with anti-activin antibody on 
cultured rat pituitary cells unveiled the autocrine/paracrine role of pituitary activin in 
FSH secretion (Corrigan et al., 1991). It has been demonstrated that activin stimulates 
FSH biosynthesis by enhancing FSHp promoter activity as shown by promoter analysis 
(Suszko et al., 2003, Weiss et al., 1995) and actinomycin D application (Schwall et al., 
1988). Despite the extensive work on mammalian activin, our understanding of 
activin in teleosts is very limited. In the goldfish, Ge et al. (1992) have demonstrated 
an increased LH release when pituitary fragments were perifused by heterogeneous 
porcine activin A. Using recombinant goldfish activin B (rgActB), our laboratory has 
recently demonstrated that activin elicits differential responses of FSHp and 
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LHP transcription. Activin B stimulates FSHp but suppresses LHp expression (Yam et 
al., 1999a, Yuen, 2001). Further studies have shown that activin stimulates FSHp 
expression by enhancing the transcriptional activity at the promoter level (Ge et al., 
2003), and the stimulation may involve activation of the transcriptional factor Smad3 
but not Smad2 (Lau & Ge，2003). 
1.2.3 Regulation of activin activity 
Because of the critical roles played by activin in diverse physiological processes 
including GTH expression and release, the activity of activin is tightly controlled by a 
variety of mechanisms at different levels, including its antagonist inhibin (Ling et al., 
1985, Mason et al., 1985，Miyamoto et al., 1985, Robertson et a l , 1985), follistatin (a 
potent activin-binding protein) (Esch et al., 1987, Robertson et al., 1987, Ueno et al., 
1987) and a novel inhibitory Smad protein Smad7 (Brodin et al., 2000, Casellas & 
Brivanlou, 1998). 
1.2.3.1 Intracellular blockade of activin signaling by Smad7 
Activin signaling involves the formation of phosphorylated Smad2/3-Smad4 
complex which tanslocates into the nucleus to regulate gene expression (Lebrun et al., 
1999). This signaling pathway, however, is influened by Smad7, an inhibitory Smad, 
that blocks the phosphorylation of Smad2 or Smad3 by activin receptors so as to 
prevent the formation of Smad2/3-Smad4 complex (Bilezikjian et al., 2001，Wrana & 
Attisano, 2000). Clearly, activin signaling is favored when Smad? level is low. Several 
studies have demonstrated that activin up-regulates mRNA transcript of Smad? in the 
pituitary (Bilezikjian et al , 2001, Ishisaki et al., 1998，Nagarajan et al” 1999). This 
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may represent an intracellular negative feedback mechanism to control activin signaling. 
In the goldfish, Smad7 has recently been cloned in our laboratory (Lau & Ge, 2003). 
Overexpression of the cloned goldfish Smad7 in a mouse gonadotroph cell line (LpT-2) 
drastically suppressed goldfish FSHp promoter activity in response to activin. 
Interestingly, the expression of Smad7 in the goldfish pituitary is also up-regulated by 
activin (Lau and Ge, in press). 
1.2.3.2 Extracellular control of activin activity 
1.2.3.2.1 Inhibin 
Isolated from mammalian follicular fluid (Ling et al., 1985, Mason et al., 1985, 
Miyamoto et al., 1985, Robertson et al., 1985), inhibin is a heterodimeric protein 
initially characterized by its suppression of FSH release (Vale et al., 1988). It is 
structurally related to activin and is composed of a unique inhibin a subunit and one of 
the inhibin/activin P subunits. Though inhibin shares the same p subunits with activin, it 
competes with activin for the activin type II receptors and blocks activin signaling 
(Chen et al., 1993, Mathews & Vale，1993，Woodruff et al., 1991). It has also been 
proposed that inhibin may signal by a separate receptor mechanism (Famworth et al., 
2001, Gray et al., 2001, Hertan et al.，1999, Pangas & Woodruff, 2000). In most 
systems, inhibin plays a regulatory role opposite to that of activin. 
In teleosts, however, rainbow trout is the only species where inhibin a subunit has 
been cloned (Tada et al., 2002). However, the significance of inhibin in the 
development of teleosts remains to be further investigated. 
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1.2.3.2.2 Activin-binding protein 
In addition to inhibit! that binds and blocks activin receptors (Mathews & Vale, 
1993)，activin activity is also modulated by extracellular activin-binding proteins with 
different binding affinities for activin (Phillips, 2000). These binding proteins 
modulate the availability of activin to its receptors. Several types of activin-binding 
proteins have been reported in vertebrates. For instance, a2-macroglobulin serves as a 
circulatory pool of functional activin in serum as its binding to activin is reversible. In 
contrast, cerberus binds activin in the uterus and aids in activin degradation in sheep 
(McFarlane et al., 1999). The best-characterized activin-binding protein is follistatin 
(Kogawa et al., 1991，Nakamura et al., 1990). 
1.3 Follistatin 
1.3.1 Structure 
Follistatin is a monomelic glycosylated protein initially isolated from mammalian 
ovarian fluid (Esch et al., 1987, Robertson et al., 1987, Ueno et al., 1987) during 
purification of inhibit! and activin. It exists in multiple forms in mammals due to 
alternative splicing and different post-translational modifications (Fig. 1-3) (Ueno et al., 
1987). With 6 kbp long, the gene of follistatin contains 6 exons and an alternative 
splicing site at the 3，-end. Cleavage of the signal peptide and the differential splicing 
yield two major mature proteins, a 315 amino acid polypeptide (FS 315) and a 288 
amino acid polypeptide (FS 288) (Inouye et al , 1991a, Michel et al , 1990, Shimasaki et 
al., 1988a, Shimasaki et al” 1988b). The predominant form of follistatin in the ovarian 
follicular fluid, FS 300, is produced by protease trimming of FS 315 at its carboxyl 
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Fig. 1-3. Alternative splicing of follistatin yield two major proteins, FS 315 and FS 288, 
after cleavage of the signal peptide (S). Proteolysis of FS 315 at its carboxyl terminal 
produces FS 300. The amino terminal of the mature peptides (Exon 1, shaded) is 
crucial for binding to activin/inhibin P-subimits. A specific binding site of 
proteoglycan heparan sulphate (painted) is identified on FS exon 2 (diagram 
reconstructed from Inouye et al., 1991 and Michel et al., 1993) 
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FS a further broad spcclrum o f m o l c c u l a r weights (35-42 kDa). FS 288，which lacks 
the last 27 amino acid residues present al the carboxyl terminal of FS 315, contributes 
only 5% of the circulating follistatin (Phillips, 1988) 
Follistatin is highly conserved in vertebrates and more than 70% amino acid 
sequence homology is observed among the species studied (Bauer el al., 1998, Phillips 
Si de Krelser, 1998). Characteristically, a 10-cysteine follistatin domain defines the 
newly identified follistatin-related gene family. The amino terminal domain of the 
mature protein is critical for its activin-binding affinity, with tryptophan at positions 4 
and 36 especially necessary for activin binding (Sidis et al., 2001, Wang et al., 2000). 
On the other hand, a lysine-rich heparin binding site is located at the region of 7 2 - 8 6 出 
residues (Inouye el al., 1992, Sumitomo el al., 1995), which is critical for its inhibition 
of activin (Fig. 1-3). 
J .3.2 Function 
Follistatin was first characterized as an ovarian suppressor of FSH release from the 
pituitary (Esch el al., 1987, Robertson et al., 1987, Ueno et al., 1987). Because of its 
low inhibitory potency on FSH release compared to that of inhibin (Robertson et al., 
1990, Ying el al., 1987) which is another dimeric protein characterized for its inhibitory 
effect on FSH release (Ling et al., 1985, Mason et al., 1985, Miyamoto et al., 1985, 
Robertson et a l , 1985), the importance of follistatin did not attract much attention until 
1990 when follistatin was demonstrated as an activin-binding protein (Kogawa et al., 
1991, Nakamura et a l , 1990). The amino terminal sequence of follistatin is crucial for 
recognization of activin P-subunit (Krummen et al.，1993) as demonstrated by 
mutational analysis (Sidis et al., 2001). After binding to the carboxyl terminal of 
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activin subunit (Fischer et al., 2003), follistatin prevents the binding of activin 
molecules to its receptors and therefore suppresses the activity of activin (Fig. 1-4). 
Although follistatin binds all forms of activin, it appears to have higher affinity for 
activin A than activin B (Schneyer et al., 2003)，suggesting differential regulation of 
different forms of activin by follistatin. In addition to blocking activin from binding to 
its receptors, follistatin also increases the endocytic degradation of activin by binding to 
surface proteoglycans as revealed by radioactively labeled activin (Fig. 1-4) (Hashimoto 
et a l , 1997). 
In addition to the goands, studies have shown that follistatin is also expressed in a 
variety of extragonadal tissues (Michel et al., 1990). Together with the distribution 
pattern of activin (Meunier et al., 1988b)，the widespread tissue distribution of follistatin 
in vertebrates indicates the autocrine/paracrine role of activin-follistatin system in a 
broad range of physiological processes. In the pituitary, follistatin mRNA was 
detected in gonadotropes and folliculostellate cells (Kaiser et al., 1992), suggesting that 
the regulation of GTH by activin might be modulated by follistatin produced from the 
pituitary. 
The functional role of follistatin as an activin bio-neutralizer has been 
demonstrated in the pituitary. Treatment of pituitary cells with follistatin suppressed 
FSH release induced by activin in a dose-dependent manner (Mather et al , 1993, 
Meriggiola et a l , 1994). In the goldfish, our laboratory has shown that follistatin 
completely suppressed the activin-stimulated FSHp expression and reversed the 
inhibition of LHP by activin (Yam et al., 1999a). In the ovary, follistatin reversed the 
activin-mediated inhibition of progesterone production from LH-stimulated theca cells, 
one of the cell layers surrounding the oocytes (Shukovski et al., 1993). Follistatin also 
17 
Inactive activin-FS 
( f ^ ^ ^ """"" activin 2 
一 ― m i y i ^ 
r M M M M L J „ ^  
ActRII I 
m %% 
• V S S o n 
Activated 
^ P ActRI 
Fig. 1-4. Mechanism of blockade of activin by follistatin. 1. Follistatin binds to activin 
and bio-neutralize activin by prevention of activin binding to ActRII. 2. Follistatin on 
cellular surface (by interaction with proteoglycan heparan sulphate) facilitates 
lysosomal degradation of activin. ActRI: activin type I receptor; ActRII: activin type 
II receptor; FS: follistatin 
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inhibits germinal vesicle breakdown and meiotic maturation of rat oocytes, which are 
promoted by activin (Sadatsuki et al., 1993). 
1.3.3 Regulation in the pituitary 
Since pituitary activin is a potent regulator of FSH expression (Corrigan et al., 
1991) and release (Mather et al.，1993, Meriggiola et al., 1994) and follistatin 
significantly blocks the activity of activin, it is not surprising that the activin-follistatin 
system may serve a role in mediating the classical neuroendocrine and endocrine 
regulation of GTH (DePaolo et al., 1991). It has been reported that high frequency of 
GnRH pulses inhibits FSHp by stimulating pituitary follistatin (Besecke et al., 1996， 
Bilezikjian et al., 1996，Fujii et al., 2002, Kirk et al., 1994). When applied as 
continuous infusion, the stimulatory effect of GnRH on pituitary follistatin was more 
prominent (Bauer-Dantoin et al., 1996, Besecke et al., 1996). Furthermore, the 
expression of follistatin in vivo was noted to precede that of FSHp in the rat pituitary 
during its estrous cycle while it dropped drastically as FSHp was up-regulated 
(Halvorson et a l , 1994). The effects of sex steroids on follistatin were also 
demonstrated by ovariectomy which stimulated pituitary follistatin in both male and 
female adult rats (Kaiser & Chin, 1993). In the rhesus monkey, however, in vitro 
treatment with T stimulated follistatin expression (Kawakami et al., 2002), which could 
explain the difference in FSHp expression and FSH release between rats (2-3-fold) 
(Gharib et al., 1987) and primates (40-fold) (Attardi et al., 1992) after castration. It is 
interesting to note that the expression (Bilezikjian et al., 1996)，synthesis (Famworth et 
al” 1995) and release (Bilezikjian et a l , 1993) of follistatin from the cultured pituitary 
cells are up-regulated by activin，and the response was reversed when incubated with 
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exogeneous follistatin. This indicates the presence of a local regulatory feedback loop of 
activin and follistatin in the pituitary as proposed before (DePaolo et al., 1991), and this 
regulatory loop is subject to the regulation by external hormonal factors. 
1.4 Objectives of the Present Study 
After the activin-binding role for follistatin (Nakamura et al., 1990) was found in 
the pituitary (Kogawa et al., 1991), extensive work on the regulatory role of pituitary 
activin-follistatin system on GTH has been carried out using mammalian models 
(Besecke et al., 1996，Besecke et a l , 1997, Corrigan et al., 1991, DePaolo et al., 1992， 
DePaolo et al., 1991, DePaolo et al., 1993). In teleosts, however, very little 
information is available to correlate the intrapituitary action of the activin-follistatin 
system with GTH regulation. The lack of homogenous follistatin (or follistatin from a 
closely-related species) has been one of the reasons to account for the limited research 
work. So far, zebrafish follistatin represents the only teleost follistatin with full-length 
cDNA characterized (Bauer et al., 1998). Although the reverse effects of recombinant 
human follistatin (rhFS) to goldfish activin B has been demonstrated in our previous 
studies (Pang & Ge，2002, Yam et al., 1999a), problems related to its limited supply and 
the potential difference of follistatin activities and efficacy across species should be 
considered for detailed studies of teleost activin on reproduction. To address this issue, 
the present study (Chapter 2) aims at cloning the homologous full-length cDNA for 
follistatin from the goldfish. A mammalian cell line (Ge et al., 1997a, Yam et al., 
1999a) will be established for the production of rgFS. The bioactivity of rgFS will be 
tested by its inhibition of activin-induced cell differentiation in erythroid differentiation 
(EDF) assay. Together with recombinant goldfish activin A (Yam et al., 1999b) and 
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activin B (Ge et al., 1997a), the availability of rgFS will serve as an important tool in 
understating the roles played by activin in fish reproduction. 
The full-length sequence enables the development of semi-quantitative RT-PCR 
assay for analysing pituitary follistatin expression in the goldfish, with a suitable pair of 
primers designed based on the cloned sequence. Previously, our laboratory has shown 
that activin inversely regulates goldfish FSHp and LHp expression (Yam et al., 1999a, 
Yuen, 2001)，while the expression of both GTH subunits are also under strict control of 
neuroendocrine and endocrine factors (Yuen, 2001)，as has been demonstrated in other 
laboratories (Khakoo et al., 1994, Klausen et al., 2002, Kobayashi et al., 1986, 
Kobayashi et al., 1987，Kobayashi et al., 1989，Kobayashi et al., 2000, Peter et al., 1986， 
Sohn et al., 1999, Trudeau, 1997，Trudeau et al., 1993a，Trudeau et al., 1991，Trudeau et 
al., 1993c). An interesting question to be answered is that whether goldfish pituitary 
activin and follistatin mediate GTH regulations by the neuroendocrine and endocrine 
factors. Although the existence of an intrinsic feedback regulatory loop of pituitary 
activin has been documented in rats (Besecke et al., 1996，Bilezikjian et al., 1996, 
Dalkin et al., 1996，DePaolo et al., 1991), whether the existence of the same mechanism 
in fish is unknown. The present study (Chapter 3) will also investigates the regulation 
of goldfish pituitary follistatin by neuroendocrine and paracrine factors. 
Goldfish is chosen to be the model animal in the present study because it has been 
widely studied for fish reproduction, from sexual behavior to endocrine regulation. 
Also, the activin system and its functions in fish reproduction are best documented in 
the species (Ge et al” 1992, Ge et al., 2003, Ge et al.，1997a, Ge et al , 1997b). 
Furthermore, goldfish is a member of Cyprinidae which includes a variety of 
economically valuable fishes, and an understanding of the neuroendocrine and paracrine 
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regulation of GTH can help improve the aquaculture strategies for fish in captivity. 
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Chapter 2 
Cloning and Recombinant Production of Goldfish Follistatin 
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2.1 Introduction 
In the 1980s，two members of the TGFp were identified and isolated form 
mammalian ovary based on their antagonistic effects on FSH release. Inhibit! (Ling et 
a l , 1985, Mason et al., 1985, Miyamoto et al., 1985, Robertson et al., 1985), a dimeric 
protein consisting of an a-subunit and either of two distinct but related P-subunits (PA, 
3B), was characterized as an inhibitor of FSH release (Vale et al., 1988). Combination 
of the two inhibin (3 subunits, however, gives rise to homo- or hetero-dimeric isoforms 
of activin, namely activin A ( P A P A ) , activin B ( P B P B ) and activin AB ( P A P B ) (Ling et al.， 
1986a，Vale et al.，1986), which elicits FSH release from the pituitary cells cutlured in 
vitro (Ling et al., 1986a, Ling et al., 1986b, Robertson et al” 1986, Vale et al., 1986). 
Prompted by its pivotal roles in GTH biosynthesis (Attardi & Miklos, 1990，Besecke et 
al., 1996, Corrigan et al., 1991，Winters et al., 2001) and gonadal functions (Hsueh et al.， 
1987, Sawetawan et a l , 1996, Stock et al., 1997), further studies have been carried out 
to understand the mechanisms underlining activin actions. Activin regulates gene 
expression by binding to its specific receptors (Attisano et al., 1992, Mathews & Vale, 
1991, Willis et al., 1996) to activate a group of signaling molecules called Smad 
proteins in the target cells (Zimmerman & Mathews，1996). Because of the common P 
subunit between inhibin and activin, competitive binding for activin receptors by 
inhibin modulates the effects of activin (Mathews & Vale, 1993) although it has also 
been hypothesized that inhibin may have a separate signaling pathway to antagonize 
activin (Gray et al., 2001, Hertan et al., 1999). Unlike in mammals, the presence of 
inhibin in teleosts had been unknown until recently when an inhibin a-subunit homolog 
was cloned in the rainbow trout (Tada et al., 2002). However, the functional identity 
of the cloned inhibin a-subunit needs to be further elucidated. 
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The activities of activin are also subject to the modulation by another protein, 
follistatin (FS), which was initially identified from the ovarian follicular fluid during 
purification of inhibin (Esch et al., 1987, Robertson et a l , 1987, Ueno et a l , 1987). 
However, because of its low inhibitory potency on FSH release compared to that of 
inhibin (Robertson et al.，1990, Ying et al., 1987), the importance of follistatin did not 
attract much attention until 1990 when follistatin was demonstrated as an 
activin-binding protein (Nakamura et al., 1990). Follistatin is structurally unrelated to 
the TGFP superfamily, but it binds strongly to the P-subunit of activin (Krummen et al., 
1993，Shimonaka et al., 1991) at the carboxyl terminal region (Fischer et al., 2003), and 
the amino terminal of follistatin is crucial for the binding (Sidis et al., 2001). 
Although follistatin binds all forms of activin, it appears to have higher affinity for 
activin A than activin B (Schneyer et al., 2003). In addition to directly binding activin, 
follistatin also binds to a cell-surface heparan sulphate proteoglycan (Nakamura et al., 
1991) that aids lysosomal degradation of activin (Hashimoto et al., 1997). 
In teleosts, activin has been demonstrated to play important roles in reproduction at 
both the pituitary and the gonads (Nagahama, 1994, Yam et al” 1999a, Yaron et al., 
2001). Although follistatin has been well documented in mammals in modulating 
activin activities, its presence and function in fish are poorly understood. A full-length 
cDNA for follistatin has recently been cloned in the zebrafish (Bauer et al., 1998); 
however, the biological activity of fish follistatin as an activin-binding protein and its 
regulatory roles in fish reproduction remain largely unknown. 
The present study aims at cloning and characterizing follistatin from the goldfish. 
With the cDNA encoding goldfish follistatin available, rgFS can be produced by 
heterologous expression systems such as Chinese hamster ovary (CHO) cells which 
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have been successfully used to produce recombinant goldfish activin A (Yam et al., 
1999b) and activin B (Ge et al., 1997a) in our laboratory. The recombinant follistatin 
will serve as an important tool in understating the roles played by activin in fish 
reproduction. 
2.2 Materials and Methods 
2.2.1 Reagents 
Chemicals and enzymes were bought form Sigma Chemical Co. (St. Louis, MO) 
and Promega Corp. (Madison, WI), respectively unless otherwise specified. The 
culture media used in cell culture came from Gibco BRL (Gaithersburg, MD). 
Flp-In™ CHO cells for recombinant goldfish FS production were bought from 
Invitrogen Corp. (Carlsbad, CA). Recombinant human follistatin (rhFS) used in the 
F5-5 assays were kindly provided by National Institute of Diabetes & Digestive & 
Kidney Disease (NIDDK). Activin B used is a domestic preparation in our laboratory 
and one unit (U) is defined as the amount per ml that induces half maximal erythroid 
differentiation of F5-5 cells (ED50) in the bioassay. All drugs were diluted to specific 
working concentrations in culture medium before use. 
2.2.2 Animal 
Goldfish, Carassius auratus, were purchased from the local market and reared in a 
1000 L flow-through tank with ample aeration for at least one week before use. The 
conditions for maintaining fishes were 22 C water temperature and 14-h light 10-h dark 
photoperiod. The trunk length of the experimental fishes were about 4-5 inches. All 
fishes were anesthetized with tricane methanesulphonate (MS222) before sacrifice. 
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2.2.3 Extraction of total RNA and reverse transcription 
Goldfish tissue was collected, and the total RNA extracted in a 1.5 ml microtube 
containing 200 |LI1 TRI Reagent (Molecular Research Center, Inc, Cincinnati, OH) 
according to the manufacture's protocol with some modifications. Following 
homogenization of the tissue, fifty |LI1 chloroform was then added to each microtube, 
vortexed and left at RT for 15 mins. After centrifugation at 4 for 20 mins, the 
aqueous supernatant was transferred to another tube containing 100 |il isopropanol for 
precipitation (-20�C，10 min). The pellet was washed with 75% ethanol prepared with 
DEPC-treated water and dissolved in 4 [i\ RNase-free water. The RNA was then 
subject to reverse transcription in a total volume of 10 |al containing 1 X MMLV first 
strand buffer, 0.5 mM each dideoxynucleotide, 0.5 [ig oligo-deoxythymine and 100 U 
MMLV Reverse transcriptase (Promega, Madison, WI) at 4 2 � € for 2 hrs. 
2.2.4 Cloning of full-length cDNA encoding goldfish follistatin 
A pair of degenerate primers (Primer 1 and Primer 2, Table 1) were desgined 
based on the conserved amino acid sequences of follistatin from other species. A 
goldfish ovarian cDNA library (Yuen and Ge, unpublished) was used as template for 
PCR amplification, which was performed in IX PCR buffer, 0.2 mM of each dNTP, 2.5 
mM MgCl2，0.6 U Tag polymerase and 0.2 [iM of each primer in a total reaction volume 
of 25 The reactions were run for 31 cycles with the profile of 30 sec at 94 30 
sec at 56 and 1 min at 72 
The fragment amplified from goldfish ovary was purified and cloned into 
pBluescript II KS (+) (Stratagene, La Jolla, CA) by T/A cloning and sequenced. An 
antisense gene-specific primer (GSP) (Primer 3，Table 1) was designed to amplify the 5， 
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Table 2.1 Primers used in cloning of FS and constructing pcDNA/Flp/rgFS 
Primer Location on 、，， .， 
Uses Nucleotide sequence 
no. full length FS 
1 Tio Degenerate Sense: 5’-GAI GAI GAI GTI CCIAA-3’ 
2 ra PGR Antisense: 5'-TCI GGI GCI CAIACI CA-3' 
3 5 ' R A C E A n t i s e n s e 5’-CGC AGA CGC AGC GAG GCT TAC TCC T-3' 
4 3 ' R A C E S e n s e 5'-GGT TCATTC AGC ACT GCC TGA GTA-3' 
“ Sense 5'-CCC AAG CTT CCA CCA TGC AAA GGA TGC 
5 1 
TAAAGC-3' 
“ R e c o m b i n a n t Antisense (w/o His) 5'-CGC GGA TCC TTA CTT ACA GTT 
6 1043 
expression GCA AGA TCC TG-3 ‘ 
Antisense (w. His) 5'- CGC GGA TCC TTA ATG GTG ATG 
7 1043 
GTG ATG ATG CTT ACA GTT GCA AGA TCC TG-3 ‘ 
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region from the goldfish brain using SMART RACE cDNA Amplification Kit 
(Clonetech laboratories, Inc, Palo Alto, CA). The protocol of RACE PGR follows 
exactly the instructions on the product manual. The amplified 5,-cDNA was cloned 
and sequenced as described before. Another GSP (Primer 4, Table 1) was then 
designed based on the 5'-end sense sequence of the cloned 5'-RACE product. 
3’-RACE was then carried out for amplification of the full-length cDNA. 
2.2.5 Sequencing of the cDNA 
The cloned full-length cDNA was sequenced based on a series of Exonuclease III 
and mung bean nuclease deletions. The overlapping subclones were sequenced at both 
directions to obtain the complete sequence of follistatin cDNA. All the sequencing 
reactions were performed on Peltier Thermal Cycler 100 (MJ Research, Inc., San 
Francisco, CA) using dRhodamine Terminator Cycle Sequencing Ready Reaction Kit 
(Perkin-Elmer, Foster City, CA). Each reaction was run for 25 cycles with the profile 
of 30 sec at 4 min at 60°C in a total volume of 10 |LIL The sequence was 
analyzed by ABI PRISM 310 Genetic Analyzer (Perkin-Elmer), followed by 
confirmation of its identity at the GenBank database. 
2.2.6 Distribution of follistatin mRNA in different tissues 
Total RNA was extracted from different tissues as described in session 2.2.3. One 
microgram of the total RNA was reverse transcribed as described in session 2.2.4. 
Specific primers for follistatin (Primer 3 and Primer 4) were used for PGR amplification 
following the protocol detailed in session 2.2.4. A negative control with total RNA 
undergoing the same RT conditions in the absence of MMLV was included for each 
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PCR to ensure specific amplification of cDNA. 
2.2.7 Production of rgFS 
In this experiment, the Flp-In™ Expression System from Invitrogen, Life 
Technology (Carlsbad, CA) was used for the production of rgFS. Briefly, a pair of 
primers (Primer 5 and Primer 6, Table 1) were designed flanking the ORF of goldfish 
follistatin. Two restriction sites, Hin&lW and Banim were added to the two primers 
respectively for cloning into the expression vector, pcDNA/FRT (Fig. 2-1). A Kozak 
sequence, CCACC was introduced between Hindlll and the initiation codon ATG to 
improve translation efficiency (Kozak, 1984). The protocol used for amplification of 
the ORF was the same as mentioned in 2.2.4, except that Pfu polymerase (1.5U) instead 
of Taq polymerase was used to increase fidelity of the extension. The purified 
amplicon was digested with Hindlll and BamRl and subcloned into the double-digested 
pcDNA/FRT. The ligated plasmid, pcDNA/FRT/rgFS, was expanded routinely using 
E.coli strain XLl-Blue. To produce His-tagged rgFS (rgFS-His)，another antisense 
primer (Primer 7, Table 1) that carries the sequence coding for 6 His residues was 
designed at the same location as Primer 6. Production of pcDNA/FRT/rgFS-His was 
carried out in the same way as pcDNA/FRT/rgFS 
POG44 (Fig. 2-2), which provides the recombinase essential for genomic 
integration, and the cloned pcDNA/FRT/rgFS were co-transfected into -40% confluent 
Flp-In™ CHO cells with Lipofectamine (Invitrogen, Carlsbad, CA) at the ratio of 9 
pOG44: 1 recombinant pcDNA/FRT (Fig. 2-3). The transfected cells were allowed to 
recover in complete Ham F12 medium containing 100 U/ml penicillin, 100 [ig/m\ 
streptomycin and 10% fetal calf serum (HyClone Laboratories, Inc, Logan, UT) 
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Fig. 2-1 (A) Expression vector of the Flp-In™ CHO system, pcDNA5/FRT. FRT is the 
nucleotide sequence where recombination takes place. (B) The linker sequence of 
pcDNA5/FRT. The two restriction enzymes used for directional cloning of the 
expression constructs are Hindlll and BamRl. (Diagrams adopted directly from the 
product manual ofFlp-In™ Expression System, Invitrogen) 
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仆 pOG44 I 
Fig. 2-2 The recombinase vector, pOG44. It would transiently produce the enzyme 
after co-transfected with the expression constructs. (Diagram adopted directly from the 
product manual ofFlp-In™ Expression System, Invitrogen) 
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Fig. 2-3 Procedures for stable recombinant cell line establishment. Co-transfection of 
the expression construct and pOG44 leads to chromosomal integration of the insert 
specifically because of recombination at FRT site. (Diagrams adopted directly from the 
product manual ofFlp-In™ Expression System, Invitrogen) 
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at 37C with 5% C02. The cells were then trypsin-digested, washed and plated at the 
density of 1 x lO'^/ml. Positive clones were selected with 450 ng/ml hygromycin B in a 
10 ml culture. Individual clones were isolated through limited dilution in 96-well 
plates. 
2.2.8 RT-PCR of the rgFS-positive clones 
Cells of individual clones were trypsin-digested and transferred out of the culture 
dish, washed 3 times with PBS (0.8g NaCl, 0.02g KCl，0.14g NazHPCU, 0.024g 
KH2PO4 in 100 ml H2O, pH 7.4). Extraction of the total RNA from the cell pellet ( � 2 
X 10^ cells) and reverse transcription were performed as described in session 2.2.3. 
RT-PCR was carried out using the following primer pair, T7/primer 3 and T7/BGH 
reverse primer that flank the ORE Protocol of amplification was the same as 
described in session 2.2.4. 
2.2.9 Extraction of genomic DNA from rgFS-positive clones 
About 1 X 10^ cells were pelleted into a 2 ml microtube after trypsin digestion and 
3 washes with PBS. The pellet was resuspended in 750 |LI1 digestion buffer (100 mM 
NaCl, 10 mM Tris-HCl, pH 8.0, 25 mM EDTApH 8.0, 0.5% SDS, 0.1 mg/ml proteinase 
K) and incubated at 50 °C with gentle rotation overnight to solubilize the cells. Equal 
volume of phenol and chloroform was then added to extract the genomic DNA, which 
was then precipitated with ethanol and 3 M ammonium acetate. The dried pellet was 
dissolved in TE (pH 7.6) at 60 The DNA solution was diluted to the concentration 
of 1 mg/ml for PCR analysis of stable integration. The amplification was conducted 
following the conditions described in session 2.2.7 
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2.2.10 Functional analysis of rgFS 
The biological activity of rgFS was assessed based on its inhibition of 
activin-induced differentiation of F5-5 cells，a mouse erythroleukemia cell line that 
responds to activin by differentiating into hemoglobin-producing cells (Asashima et al., 
1991, Eto et al.，1987, Machida et al., 2000, Schwall & Lai, 1991, Yu et al., 1987). 
The assay protocol was according to Machida et al. (2000) with some modifications. 
Briefly, the F5-5 cells were cultured at ST '^C with 5% CO2 in Ham F12 medium 
containing 100 U/ml pencillin, 100 ^g/ml streptomycin and 10% FetalClone ®III 
bovine serum (HyClone Laboratories, Inc, Logan, UT). The cells were plated at a 
density of 2000 cells/400 jil/well in a 48-well plate. Hamoglobin production was 
induced to near maximal level after incubation for 6 days by rgActB (3 U/ml), which 
was produced in our laboratory by an established CHO cell line. The conditioned media 
collected from untransfected and transfected CHO cells as well as individual clones at 
80% confluence were added to the culture wells in the presence or absence of activin B 
(3 U/ml). rhFS was used as the positive control. 
After incubation at 37 for 6 days, the cells from each well were transferred to a 
1.5 ml microtube and stained by O-dianisidine/HsCb solution (10% v-v 0.1% 
H202:0-dianisidine) for 15 mins. The supernatant was discarded, followed by lysis 
with 100 [i\ H2O. The lysate was frozen at -80 °C for 1 hr, thawed at RT, and further 
lysed with 10% SDS at 37 °C for 30 mins. The lysates (Fig. 2-4) were transferred to a 
96-well plate, and the absorbance at the wavelength of 405 nM was measured on 
SpectraMax 250 microplate spectrophotometer (GMI, Inc, Albertville, MI). 
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Fig. 2-4 Blockade of activin by follistatin in EDF assay. Act: 3 U/ml rgActB; Act + 
Ctl: 3 U/ml rgActB + control CHO conditioned medium; Act + FS: 3 U/ml rgActB + 
rgFS conditioned medium (1: 0.62 ^il/ml; 2: 5.56 jal/ml; 3: 16.67 |il/ml); Untreated: no 
rgActB or rgFS conditioned medium. 
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2.2.11 Data Analysis 
Biological assays of follistatin were performed in triplicate and the experiments 
were repeated for at least two times. Data are presented as OD405 of the lysates and 
analyzed by one-way ANOVA followed by Duimett's test. The difference was 
considered significant a tp < 0.05 and very significant at p < 0.001. 
2.3 Results 
2.3.1 Cloning and sequence analysis of goldfish follistatin 
A 1228 bp cDNA encoding follistatin (FS) was successfully isolated from the 
goldfish pituitary using RT-PCR and RACE. The 3'-RACE produced multiple bands 
revealed by gel electrophoresis (Fig. 2-5). The band of expected size (1315 bp) that 
would cover the entire open reading frame was purified and cloned into pBluescript II 
KS (+). Open reading frame analysis demonstrated that the full-length cDNA encodes 
a precursor protein with 323 amino acid residues (Fig. 2-6). GenBank search shows 
that the deduced amino acid sequence has the highest homology with zebrafish 
follistatin (Fig. 2-7). It is interesting to note that a deletion of the first 4 amino acids at 
the amino terminal was observed diiXenopus, chicken and mammals, while the region is 
conserved between goldfish and zebrafish (Fig. 2-7). On the other hand, goldfish 
follistatin, together with Xenopus follistatin and zebrafish follistatin, lacks 27 amino 
acids at the carboxyl terminal, which is similar to the form of FS 288 but different from 
FS 315 reported in birds and mammals. The secretive nature of goldfish follistatin was 
shown by analyzing the charge balance at the amino terminal of the protein (von Heijne, 
1986). The potential signal peptide contains a leucine-rich hydrophobic region 
(ILLLLWLCYL) that is sandwiched by a basic region (KR) and a hydrophilic region 
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1200bp — 
(B) 
w/ His: 1012bp 
w/o His: 994bp 
Degenerate PCR: 162bp 
3'RACE: 1239bp 
M13 T3 T7 M13 Rev 
5UT S Mature FS 
5'RACE: 432bp 
Fig. 2-5 (A) 3，Rapid amplification of full-length cDNA encoding goldfish FS from the 
pituitary. The band with size between 1200 bp and 1500 bp was purified and subcloned. 
(B) A simple diagram showing the primer orientation and the deduced fragment size 
from different rounds of PCR. 
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(EDQKVQ) located just prior to a putative cleavage site (A/G). The possible cleavage 
site was identified between residue 33 and 34, rendering the secreted mature peptide 
290 amino acids (Fig. 2-6). 
Mature goldfish follistatin shows 75% overall amino acid sequence identity with 
the molecule from other vertebrates (accessoion numbers: Xenopus, "A53502"; chicken 
"S55369"; bovine “145894”； horse "BAA25699"; mouse “NP—032072” and human 
" A A H 0 4 1 0 7 " ) . The arrangement of 36 cysteine residues (Shimasaki et al., 1988a), 
which is critical to determine the 3-D structure of follistatin due to the formation of 
intramolecular disulfide bonds, is also fully conserved among species. A potential 
th 
binding site for heparan sulphate proteoglycan on target cells was observed at the 76 
residue of the mature protein (Fig. 2-6), where a common lysine-rich motif 
(KKCRMNKKN) with high affinity to heparin (Inouye et al., 1992, Sumitomo et al., 
1995) is located. Two potential N-glycosylation sites at asparagines 43 and 92 (Fig. 
2-6) of the mature peptide were predicted by an online software (NetNGlyc 1.0 Server, 
Gupta, R. 2002), based on the consensus Asn-Xaa-Ser/Thr sequence, where Xaa can be 
any amino acid besides Pro and Asp (Walmsley & Hooper，2003). It demonstrates that 
goldfish follistatin is also a glycoprotein as mammalian follistatin. 
2.3.2 Tissue distribution of follistatin mRNA in the goldfish 
To examine the expression of follistatin in the goldfish, primers specific for 
follistatin were designed based on the sequence of the cloned cDNA and used in 
RT-PCR assay. As shown in Fig. 2-8, a specific band of expected size (432 bp) was 
detected in all tissues of the brain-pituitary-gonadal axis (brain, pituitary, ovary and 
testes). Expression of follistatin was also noted in the kidney and gill, but not in the 
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Fig. 2-6 DNA and deduced amino acid sequence of goldfish follistatin (FS). 
Underlined is the signal peptide cleaved from FS precursor to form mature FS. 
Possible lysine-rich heparan-binding site is boxed based on alignment of the 
homologous protein from other species (Fig. 2-7)，while two potential N-glycosylation 
sites (NST，NIT) are shaded. 
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goldfish 1：MQRMLKRQLLHSRMILLL-LWLCYLTEDQKVQAGNCWLQQGKNGRCQVLYMPGMSREECC 
zebrafish 1 ： . L Q . . PG . . . . . - F I 
Xenopus 1:——..N-ERIQPG. .F. .TVS. . HFM . YRA S RTEL.K. . . • 
chicken 1 :——..NQRIHPGML-V . . -MF.YHFM. . HTA R • AR KTDL . K . . . • 
bovine 1 : — — • ARPRHQPGGLC ... - • L . . QFM . . RSA R • A KTEL . K •... 
horse 1 : — — • VRPRHQPGGLC ... - . L . . QFM • • RSA R.A KTEL . K .... 
mouse 1 ：——.VCARHQPGGLC ... - . L • • QFM . . RSA R.A KTEL • K .... 
human 1 :——.VRARHQPGGLC ... - . L . . QFM . • RSA R.A KTEL . K .... 
* * * * * * * * * * * * * * * * * * * * * * * * * * 
goldfish 61:RSGRLGTSWTEEDVPNSTLFRWMIFNGGAPNCIPCKETCDNVDCGPGKKCKMNRRSKPRC 
zebrafish 61: R 
Xenopus 61: KT K....H....H E KKN.... 
chicken 61:K. ...T NDN. . .K E KKN.... 
bovine 61: ST ... S NDN ...K E R.. KKN • • •. 
horse 61:ST. . .S NDN. . .K R. .KKN. •.. 
mouse 61: ST. . .S NDN. . .K E R. .KKN.... 
human 61: ST... S NDN ...K E R. . KKN.... 
*** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
goldfish 121:VCAPDCSNITWKGSVCGSDGKTYRDECALLKSKCKGHPDLEVQYQGKCKKACHDVMCPGS 
zebrafish 121： V — — P T.R. .L —— 
Xenopus 121: I K A ——V.E.D T.R..L —— 
chicken 121： P...L N AR. .EQ.E T.R. .L —— 
bovine 121: P...L N AR. .EQ.E T.R. .F... • 
horse 121: P...L N AR. .EQ.E T.R. .N —— 
mouse 121: P...L N AR. . EQ . E T.R. .F 
human 121: P...L N AR..EQ.E R...T.R..F 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **** 
goldfish 181:STCWDQTNNAYCVTCNRICPEVTSPDSYLCGNDGIVYANACHLRRATCLLGRSIGVAYE 
zebrafish 181： M. . .Q I..S 
Xenopus 181:.S P ——Q T.GS K L... 
chicken 181： P...EQ T..S K L... 
bovine 181： P..SEQ VT . PS K L... 
horse 181： P..SEQ VT.SS K L... 
mouse 181： PS.SEQ VT.SS K L... 
human 181: PA.SEQ VT.SS K L... 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
goldfish 241:GKCIKAKSCNDIHCSVGKKCLWDSKMGRGRCAVCMESCPESRSEEAVCASDNTTYPSECA 
zebrafish 241: D A A..S A 
Xenopus 241: E. .Q. .A RV L.DDL.G. .K.DDT 
chicken 241: E. .Q. .A F.V L.D.L ——K.D 
bovine 241: D. .Q.TG F.V SL.G.L ——K...P A. .A —— 
horse 241 : E..Q.TG F.V SL.D.L..D.K...P A. .A.... 
mouse 241 ： . . . . -T . . . E . . Q . GG V SL.D.L. .D.K.D.P A. .A.... 
human 241: E. .Q.TG F.V SL.D.L. .D.K.D.P A. .A —— 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
goldfish 3 01:MKQAACSLGVLLEVKHSGSCNCK 
zebrafish 301: 
Xenopus 301： T.I 
chicken 301: . .E. . . .M SINEDPEEEEEDEDQDYSFPISSILEW 
bovine 3 01: . .E... .S SISEDTEDEEEDEDQDYSFPISSILEW 
horse 301: . • E … . S SISEDTEEEEEDEDQDYSFPISSILEW 
mouse 3 01: . . E . … S SISEETEEEEEEEDQDYSFPISSILEW 
human 301: . . E … . S SISEDTEEEEEDEDQDYSFPISSILEW 
* * * * * * * * * * * * * * * * * * 
Fig. 2-7 Comparison of goldfish follistatin with the homologous protein from 
representative species of amphibians, birds and mammals. Underlined is the possible 
heparan binding site. Sequence identity is indicated by asterisks (*), while gaps 
inserted for better sequence alignment are shown as dashes (-) 
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Fig. 2-8. Tissue distribution of FS in the goldfish. Upper: Follistatin to show the 
distribution pattern. Lower: p-actin as an internal control of sample RNA quantity. 
Follistatin was found to express in all the tissue of the hypothalamic-pituitary-gonadal 
axis. P: pituitary; B: brain; O: ovary; T: testis; L: liver; K: kidney; G: gill 
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liver. No apparent product was observed in the RT negative controls. We also 
examined the expression of p-actin as the internal control and it was strongly expressed 
in all the tissues tested. 
2.3.3 Production and bioassay of rgFS 
After pcDNA/FRT/rgFS and pcDNA/FRT/rgFS-His were subcloned and 
transfected into the Flp-In™ CHO cells, positive clones were identified by continuous 
selection in the presence of 450 ng/ml hygromycin B. RT-PCR shows that both 
constructs expressed mRNA in the positive clones (Fig. 2-9A, Fig. 2-9B). The 
presence of rgFS cDNA in the rgFS CHO cell is illustrated by PGR of the genomic 
DNA (Fig. 2-9C). The functional identity of rgFS was confirmed by the inhibition of 
activin activity in the erythroid differentiation factor (EDF) bioassay using F5-5 cells 
(Fig. 2-10). Incubation with 1 U/ml activin B (one unit is defined as the amount of 
rgActB per ml that gives half maximal stimulation of F5-5 cells) for 6 days caused a 
significant elevation of hemoglobin expression by the F5-5 cells compared to the 
control. The activin-induced hemoglobin expression and F5-5 cell differentiation 
could be blocked by both rhFS and the conditioned medium from 
pcDNA/FRT/rgFS-transfected CHO cells (Fig. 2-11 A). Interestingly, an addition of 
His tag at the carboxyl terminal seemed to abolish the biological activity of the protein 
although the mRNA was abundantly expressed in the pcDNA/FRT/rgFS-His-transfected 
cells (Fig. 2-9B). EDF assay was also performed to screen the individual clones 
isolated by limited dilution. The clone (rgFS-C3) that gave the best performance to 
suppress activin activity was selected (data not shown) and expanded. The 
conditioned medium from rFS-C3 significantly suppressed the activin effect on F5-5 
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Fig. 2-9 PCR assay of total cDNA prepared from control cells and rgFS positive clones 
(A), rgFS-His positive clones (B) and genomic DNA isolated from rgFS-C3 (C). Lane 
1: PCR-ve; Lane 2: control cells; Lane 3: rFS positive clones). Two pairs of primers 
were used in the assay, T7/primer 2 and T7/BGH where T7 and BGH are 
plasmid-specific primers. The orientation of the primers on the recombinant plasmids 
is also depicted for reference (D). 
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Fig. 2-10 Photos showing the staining of F5-5 cells by o-dianisidine after different 
treatments. Control cells (A), cells incubated with activin (1 U/ml) (B) and cells 
co-incubated with activin (1 U/ml) and rhFS (100 ng/ml) (C). Formation of clumps 
was apparent in differentiated cells. The color is due to the product of o-dianisidine 
redox reaction catalyzed by H2O2 and haemoglobin. The latter is produced only in the 
differentiated cells. 
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Fig. 2-11. Six-day-incubation with activin significantly increased F5-5 differentiation. 
The conditioned medium from heterogeneous transfected cells suppressed the activin 
effect in a dose dependent manner, illustrating the presence of bioactive recombinant 
goldfish follistatin in the medium (A). The conditioned medium from the isolated 
clone rgFS-C3 gave a similar pattern of activin suppression, while no inhibitory effect 
could be detected from conditioned medium collected form rgFS-His positive clones, 
even at its highest concentration (B) ** p<0.001 control; ++ p< 0.001 vs 
activin-treated. 
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cells (Fig. 2-1 IB). 
Calculation of rgFS quantity in the medium was based on the amount of 
conditioned medium required to give half maximal suppression of activin (3 
U/ml)-induced F5-5 cell differentiation ( E D 5 0 ) with rhFS as the positive control. The 
E D 5 0 of rhFS was estimated to be 2.92 ng/ml (Fig. 2-12A), whereas the E D 5 0 of the 
conditioned medium from Clone rgFS-C3 was 2.1 |Lil/ml (Fig. 2-12B). The amount of 
rgFS in the medium collected after 2-day incubation was therefore equivalent to 1.4 
ng/jdl rhFS. 
2.4 Discussion 
The full-length cDNA encoding goldfish follistatin has been cloned from the brain 
using PCR and RACE approach. Previously, zebrafish is the only teleost from which 
follistatin was cloned (Bauer et al., 1998). Comparison of goldfish and zebrafish 
follistatin exhibits as much as 95% sequence homology. Alignment of goldfish 
follistatin with the homologous protein of other vertebrate classes (Connolly et al., 1995, 
Inouye et al., 1991a, Tashiro et al., 1991) also shows 75% homology, indicating its 
functional role is highly conserved in vertebrate life (Fig. 2-7). The cloned goldfish 
follistatin lacks 27 amino acids at the carboxyl terminal as reported in the form of 
FS315 in birds and mammals. In attempt to illustrate the presence of the homologous 
protein of mammalian FS315 (Inouye et al., 1991a，Michel et al., 1990，Shimasaki et al., 
1988a, Shimasaki et al.，1988b), a pair of GSP was designed at the carboxyl terminal 
flanking the location of the 27 residues. However, no specific amplification was 
obtained (data not shown), which might suggest the lack of FS 315 form in teleosts. 
Interestingly, it has been demonstrated that another alternatively spliced form of 
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Fig. 2-12. Bioassay of recombinant goldfish FS with EDF assay. F5-5 cells were 
induced to differentiate into haemoglobin-producing cells by 3 U/ml recombinant 
goldfish activin B. Differentiation is suppressed in the presence of recombinant 
human follistatin (rhFS) (A) and conditioned medium from rgFS-C3 (B) in a 
dose-dependent manner. E D 5 0 was estimated as 2.92 ng/ml and 2 . 1 |il/ml for rhFS and 
the rgFS-C3 conditioned medium, respectively. ** p<0.001 vs control 
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follistatin, FS 288, binds activin with 8-10 times higher potency than its full-length 
counterpart, FS 315 (Inouye et al., 1991a), suggesting that the extra carboxyl terminal in 
FS 315 somehow hinders the binding to activin. Since the cloned goldfish follistatin is 
close to human FS 288，it may represent the major functional form of follistatin in fish, 
and this has been confirmed by the potent inhibition of activin effect by both human FS 
288 and rgFS. 
The functional identity of goldfish follistatin mRNA has been illustrated by 
establishing a CHO cell line stably expressing the protein. Since follistatin specifically 
binds activin and neutralizes its activity (Krummen et al., 1993, Nakamura et al., 1990), 
a specific assay for activin based on its activity to induce differentiation of F5-5 cells 
into haemoglobin-producing cells (EDF assay) was adopted to analyze follistatin 
activity. The conditioned medium from pcDNA/FRT/rgFS-transfected CHO cells had 
a strong suppressive activity on rgActB，while the control CHO cells produced no 
follistatin activity. This result suggests that the missing 27 amino acids at the carboxyl 
terminal of mammalian FS 315 is not critical for goldfish follistatin activity. 
Purification will be performed to obtain rgFS for further physiological studies. To 
facilitate the purification, rgFS with a His tag added at the carboxyl terminal was 
produced using the same expression system. Although some reports have shown that 
the activin-binding sites of follistatin are located mainly at the amino terminal domain 
(Inouye et al., 1991b, Sidis et al., 2001，Wang et al., 2000)，the conditioned medium 
from His-tagged rgFS clones showed no inhibitory effect on activin-stimulated F5-5 
differentiation despite its expression at mRNA level. 
Shortly after the isolation of follistatin from the follicular fluid (Esch et al., 1987, 
Robertson et al., 1987, Ueno et al., 1987), follistatin expression has been shown not 
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only in the brain-pituitary-gonadal axis, but also in a variety of non-reproductive tissues 
(Michel et al., 1990). RT-PCR analysis in the present study showed that goldfish 
follistatin also had widespread tissue distribution. In fact, the distribution pattern is 
expected because activin subunits were found to be widely distributed in both mammals 
(Meunier et a l , 1988b) and fish (Ge et al., 1997a, Yam et al., 1999b), which suggests its 
autocrine and paracrine roles in many physiological processes (Chen, 1993). The 
co-expression of follistatin and activin in various tissues leads to the hypothesis that 
follistatin may be a critical factor in fine-tuning the activities of activin in the target 
tissues. Although the expression of follistatin in the pituitary looks very weak, a 
strong band specific for follistatin was produced in the regulation studies (Fig. 3-2). 
The reason is possibly due to the split of total RNA for RT — reaction. The detection of 
follistatin mRNA in the goldfish ovary, together with the evidence that activin subunits 
(PA and PB) and activin receptors (type IIA and IIB) are all expressed in the ovary (Ge et 
al., 1997a, Ge et al., 1997b, Yam et al., 1999b), shows that an autocrine and paracrine 
activin-follistatin system exists in the goldfish ovary and may play important roles in 
controlling ovarian development and functions. 
Activin was first identified as a gonadal protein that stimulates pituitary FSH 
secretion (Ling et al., 1986a, Ling et al., 1986b，Vale et al , 1986). However, activin 
was later demonstrated to be also expressed in the pituitary in both mammals (Meunier 
et al., 1988b) and fish (Ge et al.，1993, Ge et al., 1997a), suggesting a local regulation of 
FSH by activin. In the goldfish, activin stimulates basal FSHp expression but 
suppresses the basal expression level of LHp, a unique activity that has never been 
reported in other vertebrates (Yam et al., 1999a). The expression of follistatin in the 
goldfish pituitary as demonstrated by the present study provides a potential mechanism 
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for controlling GTH expression in fish. The co-expression of activin and follistatin in 
the goldfish pituitary has led us to hypothesize that the relative expression levels of FSH 
and LH are likely influenced by the balance between activin and follistatin in the 
pituitary, and any factors that disturb such balance would potentially regulate the 
expression of the two GTHs. An interesting question to address is, therefore, how 
activin and follistatin in the goldfish pituitary are controlled, and this will be the subject 
of the next chapter. It is noteworthy that although activin subunits and activin 
receptors were detected in goldfish liver in our previous studies (Ge et al., 1997a，Ge et 
al., 1997b, Yam et al., 1999b), the expressioin of goldfish follistatin was undetectable in 
the liver, which agrees well with a previous study in the rat (Michel et al., 1990). One of 
the possible explanations is that the regulation of activin activity in the liver is mainly 
mediated by serum follistatin due to its complex network of blood vessels. On the 
other hand, inhibin could be a potential candidate that fine-tunes the activities of activin 
in the liver although the functional identity of the recently isolated teleost inhibin a 
subunit (Tada et al., 2002) remains to be elucidated. 
In conclusion, a full-length cDNA encoding goldfish follistatin has been cloned 
from the goldfish brain. The reported widespread distribution of mammalian 
follistatin was also observed for goldfish follistatin. Similar to human follistatin, rgFS 
also worked as an activin-binding protein to neutralize activin effects. Although 
mammalian follistatin works in fish, the availability of homologous protein from the 
same species would be desirable as follistatin from different sources might have 
difference in terms of specificity and efficacy in neutralizing activin. The availability 
of rgFS would make goldfish one of the few vertebrate models that have both 
recombinant activins and follistatin available, which would benefit the studies on their 
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physiological roles in fish reproduction and other non-reproductive functions as well. 
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Chapter 3 
Function and Regulation of Follistatin in the Goldfish 
Pituitary: Evidence for an Intrinsic Activin/Follistatin 
Regulatory Feedback Loop 
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3.1 Introduction 
GTHs (follicle-stimulating hormone, FSH, and luteinizing hormone, LH) are 
critical in teleost reproduction by acting as prime hormones governing gonadal 
development and maturation (Goetz, 1983, Leatherland et al., 1982，Nagahama, 1987， 
Yeung et al., 1993). Like other vertebrates (Belchetz et al., 1978)，the secretion and 
expression of goldfish GTHs are controlled by both GnRH from the hypothalamus 
(Khakoo et a l , 1994, Klausen et al., 2001，Peter et al., 1986) and the steroids from the 
gonads (Kobayashi et al., 1986，Kobayashi et al., 1987, Kobayashi et al., 1989). 
Experiments of gonadectomy and steroid replacement have demonstrated the negative 
feedback of sex steroids on GTH expression, synthesis and release in sexually mature 
fish of a variety of species (Bommelaer et al., 1981, Saito et al., 1996). On the other 
hand, positive feedbacks by steroids on GTH secretion have also been reported in 
mature male Atlantic salmon (Salmo salar, parr) (Borg et al., 1998) and juvenile 
rainbow trout, Salmo gairneri (Crim & Evans, 1979). In agreement with this, juvenile 
goldfish fed with steroid diets showed up-regulation of GTH expression (Kobayashi et 
al., 2000). Indeed, the effects of sex steroids on goldfish GTH are intricate due to its 
interactions with hypothalamic factors (Trudeau et al.，1993a，Trudeau et al., 1991， 
Trudeau et al., 1993c). At the pituitary level, treatment of the pituitary cells with T 
unveiled the stimulatory effects on GTH expression (Habibi & Huggard, 1998, Huggard 
et al., 1996，Trudeau et al., 1993a). In addition to neuroendocrine factors such as 
GnRH and gonadal steroids, GTHs are also subject to the regulation by a variety of 
factors produced locally in the pituitary, especially the activin family of growth factors. 
Activin (Ling et al., 1986b，Vale et al., 1986) and follistatin (Esch et al., 1987， 
Robertson et al.，1987, Ueno et al., 1987) were first isolated and characterized from 
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mammalian ovarian follicular fluids due to their antagonizing effects on FSH release. 
Further studies have illustrated that activin ( P A P A ， P A P B and P B P B ) is a homo- and 
hetero-dimeric protein belonging to TGFp (Hu et al., 1998, Massague, 1998). It elicits 
responses (Zimmerman & Mathews，1996) by binding to its ligand-specific receptors 
(Willis et a l , 1996) on the target cell. Follistatin acts as an activin-binding protein that 
binds activin (3 subunits with extremely high affinity (Krummen et al., 1993) to 
bioneutralize activin (Nakamura et al., 1990, Saito et al., 1991). Although activin and 
follistatin were initially identified in the gonads, subsequent studies have demonstrated 
that both proteins are expressed in a variety of extra-gonadal tissues including the 
pituitary (Kogawa et al., 1991, Meunier et al., 1988b，Michel et al., 1990), suggesting 
local autocrine/paracrine roles for activin and follistatin in regulating pituitary hormone 
expression and secretion. The functionality of the pituitary-derived activin in 
regulating GTH secretion has been demonstrated by treatment of the cultured pituitary 
cells with specific activin-neutralizing antibodies in vitro (Corrigan et al., 1991) and 
passive immunization of animals in vivo (DePaolo et al., 1992). Application of 
follistatin also dose-dependently suppressed FSH release induced by activin. (Mather et 
al., 1993，Meriggiola et a l , 1994). 
The powerful effect of follistatin on activin and its expression in the pituitary 
suggest that the pituitary follistatin may be in turn regulated by both neuroendocrine and 
endocrine inputs, which then influences GTH biosynthesis by suppressing activin 
activities. In the rat, the pulsatile application of GnRH at high frequency inhibited 
FSHP by stimulating pituitary follistatin (Besecke et al., 1996，Kirk et al., 1994). 
Follistatin expression was also noted to precede that of FSHp in the rat pituitary during 
its estrous cycle but dropped drastically when FSH expression reached maximal 
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(Halvorson et al., 1994), suggesting that follistatin expression may be determined by the 
dynamic levels of sex steroids. The effects of sex steroids on follistatin were also 
demonstrated by ovariectomy which stimulated pituitary follistatin in both male and 
female adult rats (Kaiser & Chin，1993). In the rhesus monkey, however, treatment 
with T stimulates follistatin expression in vitro (Kawakami et aL, 2002), which contrasts 
to the in vitro supressive effect of T in the rat (Bilezikjian et al., 1996). It indicates that 
the difference in the post-gonadectomy increase of FSHp expression and FSH release 
between rats (2-3-fold) (Gharib et al., 1987) and primates (40-fold) (Attardi et al., 1992) 
is controlled by the mode of steroidal feedback of pituitary follistatin. Interestingly, 
activin was found to stimulate follistatin mRNA expression (Bilezikjian et al., 1996), 
synthesis (Famworth et al., 1995) and release (Bilezikjian et al., 1993) from the cultured 
pituitary cells, and the effect was abolished when the activity of activin was antagonized 
by follistatin. This indicates that the presence of a local regulatory feedback loop of 
activin and follistatin in the pituitary as proposed before (DePaolo et al., 1991), and this 
regulatory loop is subject to the regulation by external hormonal factors. 
In the goldfish, both activin pA (Yam et al., 1999b) and ps (Ge et al , 1997a), as 
well as follistatin (present result, Chapter 2) have been cloned. Our laboratory also 
illustrated that activin differentially stimulates FSHp but suppresses LHp expression 
(Yam et al., 1999a) which differs from the situation in mammals. Although both 
activin and follistatin are expressed in the goldfish pituitary (Ge et al., 1997a, Yam et al., 
1999b)，there has been no information on their regulation. Since goldfish belongs to 
the family of cyprinids, which represents one of the largest teleost groups that are 
important in aquaculture, understanding the mechanisms underlining the control of 
GTH expression are noteworthy to aquacultural development. In this study, the 
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regulation of goldfish follistatin in the pituitary will be examined by both in vitro and in 
vivo approaches. The expression of FSHp and LHp will also be examined to reveal 
their potential correlation with that of follistatin. 
3.2 Materials and Methods 
3.2.1 Reagents 
The culture medium (Ml99) used in cell culture was obtained from Gibco BRL 
(Gaithersburg, MD). Recombinant human follistatin (rhFS) was kindly provided by 
NIDDK. Goldfish activin B used is a domestic recombinant preparation in our 
laboratory and one unit is defined as the amount per ml that induces half maximal 
erythroid differentiation of F5-5 cells ( E D 5 0 ) in the bioassay. Forskolin (FK)，salmon 
GnRH (sGnRH), E2 and T were purchased from Sigma Chemical Company (St. Louis, 
MO). Dimethylsulfoxide (DMSO) was the solvent to prepare FK stock, while ethanol 
was used to dissolve sex steroids (T and E2). GnRH was first dissolved in acetic acids 
at 1000 [iM. All drugs were diluted to specific working concentrations in culture 
medium before use. 
3.2.2 Animals 
Details of the animals used in this chapter is documented in session 2.2.2 of 
Chapter 2 
3.2.3 Primary culture of dispersed pituitary cells 
In vitro studies on goldfish pituitary follistatin by primary culture were performed 
as described previously (Yam et al., 1999a). Briefly, pituitaries were collected from 
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decapitated fishes of both sexes and were maintained in iced Ml99. The pituitaries 
were then washed and minced into small pieces before trypsin digestion. The 
dispersed cells were seeded at a density of 0.4-0.6 x 10^ cells/0.5ml/well in 70% M199 
supplemented with Earle's salt and 10% fetal bovine serum (Hyclone Laboratories, 
Logan, UT) in a 48-well plate pre-coated with 0.01% poly-D-lysine. The cells were 
incubated in 70% Ml99 supplemented with 10% fetal bovine serum (complete medium) 
at 28�C with 5% CO2. After pre-incubation for 24 hrs, the medium was removed, and 
the cells were incubated in the complete medium containing different drugs at working 
concentrations. 
3.2.4 RNA extraction and reverse transcription 
Two hundred microliters of TRI Reagent (Molecular Research Center, Inc, 
Cincinnati, OH) were added to each well after discarding the medium. 
Homogenization was carried out by shaking the plate at 750 rpm for 20 mins on the 
Thermomixer Comfort (Eppendorf, Hamburg). The homogenate from each well was 
transferred to a 1.5 ml microtube, followed by addition of 50 |LI1 chloroform. The tubes 
were vortexed and left at RT for 15 mins. After centrifugation at 4 � C for 20 mins, the 
aqueous supernatant from each sample was transferred to another tube containing 100 
isopropanol. Precipitation with ethanol was performed at —20°C for 10 mins. The 
pellet was washed, dried and re-suspended in 4 |LI1 DEPC-treated water. For RNA 
extraction from single pituitary, the same procedure was followed after the pituitary was 
homogenized in 200 [i\ TRI reagent. The RNA was used for reverse transcription in 
IX MMLV first strand buffer, 0.5 mM each dNTP, 0.5 |Lig oligo-deoxythymine and 100 
U MMLV Reverse transcriptase (Promega, Madison, WI) at 42�C for 2 hrs in a total 
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volume of 10 [i\. 
3.2.5 Ovariectomy on pituitary follistatin expression 
Only late vitellogenic and fully matured female fishes were used in this experiment. 
A reported protocol (Kobayashi et al., 1989) was followed with some modifications. 
Anesthetized fish was placed with ventral side facing upward. After surgically 
opening the abdominal wall, the ovaries were completely removed (Fig. 3-1). The fish 
were sutured and caged in flow-through tanks at the same conditions as mentioned 
above. Sham control fishes were also operated without removing the ovary and they 
were stocked together with the ovarectomized fishes. The fish were sacrificed five 
weeks after operation for extracting total pituitary RNA. RNA extraction and reverse 
transcription were performed as described in session 2.2.3 in Chapter 2 
3.2.6 Seasonal expression profile of follistatin 
To study the expression profile of pituitary follistatin in vivo, fish were purchased 
from the local markets in the first week of each month. The fish were reared for at 
least one week before use as described in session 2.2.2 in Chapter 2. Single pituitary 
was collected in 200 |LI1 ice-colded TRI Reagent as described before. The 
gonado somatic index (GSI) of each fish was recorded to indicate the stage of ovarian 
development. After homogenization, the samples were stored at -80°C. When the 
year-round samplings were finished, the RNA extraction and reverse transcription were 
performed following the description given in the session 2.2.3 in Chapter 2. 
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1 r: n^pHH 
Fig. 3-1 Procedures of ovariectomy on goldfish. A cut was made at the ventral side of 
the anesthetized fish to open the abdominal wall. Ovary were removed carefully for 
operated fish but remained intact for sham-operated fish (A). The fish was sutured and 
caged in flow-through tanks in the same conditions as other untreated fish (B). 
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3.2.7 Validation of semi-quantitative RT-PCR assays 
The RT-PCR assays used to analyze the expression of target genes including 
follistatin, FSHp and LHp were first validated by optimizing the number of cycles used 
for each genes in the assay. The protocol of the validation was previously reported 
(Wang & Ge, 2003). Briefly, RT reactions (0.6 |LI1) prepared from single pituitaries and 
cultured pituitary cells were used as templates for PCR reactions. Primers used for 
follistatin were designed based on the cloned sequence, while the primers for P-actin 
(Matsuba et al 2000)，FSHp and LHp (Yoshiura et al., 1997) were designed from the 
reported cDNA sequences available from the GeneBank. The primer sequences are 
shown in Table 3.1. PCR was performed in IX PCR buffer, 0.2 mM of each dNTP, 2.5 
mM MgCh, 0.6 U Taq polymerase and 0.2 |aM of each primer in a total reaction volume 
of 25 |LI1 for various cycles with the profile of 30 sec at 94°C, 30 sec at 56°C and 1 min 
at 72°C. The PCR products were electrophoresed on a 1.8% agarose gel stained with 
ethidium bromide. After gel electrophoresis, the bands were visualized by UV 
transilluminator. Densitometric values of the bands were quantitated and analyzed 
with the Gel-Doc 1000 system and Molecular Analyst Software (Bio-Rad). The 
number of cycles that gave half-maximal amplification would be used for 
semi-quantitative PCR assay for each gene. 
To further validate the RT-PCR assays, PCR was performed on serial-diluted 
templates of known amount with the same PCR profile. 
3.2.8 Real-time PCR assay for follistatin and P-actin expression 
Gene-specific real-time standards for follistatin and P-actin were produced as 
described below. The same primer pairs (see session 3.2.7) were used to amplifiy both 
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Table 3.1 Primers used in semi-quantitative RT-PCR 
Gene Nucleotide sequence Product (bp) Accession* 
Sense: 5，-GGT TCA TTC AGC ACT GCC TGA GTA-3， 
FS 432 --
Antisense: 5'-CGC AGA CGC AGC GAG GCT TAG TCC T-3' 
Sense: 5 '-AGC CAT GGA TGA TGA AAT TG-3 ‘ ~ … … � < 
actin 251 AB039726 
Antisense: 5'-TGT GAT GCC AGA TCT TCT CC-3’ 
Sense: 5，-CATTGATTC CCA GAT GAG GA-3' ^ 
PSHB 318 D88023 
Antisense: :5’-GGC CAC TGG GTAAGT GAAAA-3' 
Sense: 5，-AGC TCT TAT CTT CCA CCC TG-3' ^ ^ 
LHB 397 D88024 
Antisense: 5 '-ACA CTT TGG TTT GAT GTG CT-3 ’ ； 
* Accession number quoted in GeneBank databse 
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cDNA fragments. After purifcation by phenol/chloroform extraction and ethanol 
precipitation, the cDNA fragments, together with the MassRuler DNA marker (MBI 
Fermentas, Hanover, MD), were quantitated by electrophoresis as described in session 
3.2.7. The absolute amounts of the cDNA fragments were estimated from the linear 
plot of the nearest standard fragments respectively. 
RT reaction (0.3 |LI1) prepared from cultured pituitary cells (see session 3.2.7) were 
used as template for real-time PCR. The assay was performed on the iCycler iQ 
Real-time PCR Detection System (Bio-Rad) using a domestically prepared SYBR 
Green I mix. The following PCR conditions were used: initial denaturation at 95°C for 
2 mins, followed by 40 cycles with denaturation at 20 sec, annealing at 56 for 20 sec 
and elongation at 72 for 45 sec. The threshold cycle values (Ct) were determined 
from semi-log amplification plots (log increase in fluorescence versus cycle number), 
and the levels of cDNA in the samples were measured according to the corresponding 
gene-specific standard curve included in each assay. 
3.2.9 Data analysis 
Each experiment was repeated at least twice (unless specified) in triplicate for each 
treatment. The mRNA levels of goldfish follistatin, FSHp and LHp were normalized 
to P-actin which served as the internal control for sample RNA. Data were expressed 
as the percentage of the control. Statistical analysis was performed with one-way 
ANOVA followed by Duimett's test or Student's T-test using Prism 3.0 on Macintosh 
(GraphPad, San Diego, CA). The differences were considered significant at p < 0.05 
and very significant at p < 0.001. 
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3.3 Results 
3.3.1 Expression of follistatin in the goldfish pituitary 
Total RNA was extracted from goldfish pituitaries as described in session 2.2.3 in 
Chapter 2. The RNA was split into two equal portions for RT + (with 100 U MMLV) 
and RT - (no MMLV). To examine the expression of goldfish FS in the pituitary, the 
primers used for semi-quantitative RT-PCR of follistatin was used (Table 3-1). The 
presence of follistatin was detected after 30 cycles of amplification, while no visible 
products was observed in both RT- and PGR -ve control (Fig. 3-2). 
3.3.2 Validation of semi-quantitative RT-PCR assay 
The optimal cycle number giving half maximal amplification was estimated by 
examining PCR kinetics. With the optimized cycle numbers, the PCR on serial-diluted 
templates of follistatin, P-actin，FSH|3 and LHp produced a linear relationship between 
the starting amount of templates and PCR products for all the four target genes (Fig. 3-3, 
3-4, 3-5). Because the assays are workable over a range of input molecules, they will 
be used to study the expression of follistatin in relation to that of FSHp and LHp in the 
pituitary. 
3.3.3 Activin regulation ofpituitary follistatin 
Follistatin is a potent activin-binding protein; however, activin has been 
demonstrated in a few systems to regulate follistatin expression (Besecke et al., 1996, 
Bilezikjian et al., 1996, Dalkin et al., 1996，Famworth et al., 1995). To examine if 
activin has any influence on the expression of follistatin in the goldfish pituitary, the 
cultured pituitary cells were exposed to different concentrations of rgActB for 48 hrs 
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PCR RT RT 
-ve +ve -ve 
r ^ m 
Fig. 3-2 Detection of follistatin in the goldfish pituitary by RT-PCR. PCR —ve, PCR 
negative control; RT +ve, with reverse transcription; RT -ve, without reverse 
transcription 
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Fig. 3-3 Validation of semi-quantitative RT-PCR assays for follistatin and P-actin in 
cultured pituitary cells. Above: Kinetics of PCR amplification for follistatin and 
P-actin. The number of cycle that gives an exponential range of amplification was 
used to analyze the expression level of each gene. The number of cycle used for the 
assays of follistatin and P-actin was 30 and 22 respectively. Below: Evaluation of the 
feasibility of the assays with the estimated conditions on serial-diluted follistatin and 
P-actin templates. A linear plot demonstrates the workability of the assays over a 
range of template input. Each point was tested by three independent PCR reactions. 
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Fig. 3-4 Validation of semi-quantitative RT-PCR assays for FSHP and LHp in cultured 
pituitary cells. Above: Kinetics of PGR amplification for FSHp and LHp. The 
number of cycle that gives an exponential range of amplification was used to analyze 
the expression level of each gene. The number of cycle used for the assays of FSHp 
and LHP was 22 and 15 respectively. Below: Evaluation of the feasibility of the 
assays with the estimated conditions on serial-diluted FSHp and LHp templates. A 
linear plot demonstrates the workability of the assays over a range of template input. 
Each point was tested by three independent PCR reactions. 
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Fig. 3-5 Validation of semi-quantitative RT-PCR assays for follistatin and P-actin in 
single pituitary {in vivo studies). Above: Kinetics of PCR amplification for follistatin 
and P-actin. The number of cycle used for the assays of follistatin and p-actin was 30 
and 22 respectively. Below: Evaluation of the feasibility of the assays with the 
estimated conditions on serial-diluted follistatin and p-actin templates. 
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after 24-hr pre-incubation as described before (Yuen, 2001). rgActB significantly 
stimulated the expression of follistatin in a dose-dependent manner (Fig. 3-6A). 
Interestingly, treatment of the cultured cells with rhFS alone significantly suppressed 
follistatin expression by nearly 40%. Real-time PCR assay on the same lot of samples 
gave a consistent result (Fig. 3-7). 
The expression profile of follistatin correlates well with FSHp and LHp. Both 
rgActB and rhFS differentially regulated the expression of the two GTH P subunits as 
reported previously in the goldfish (Yam et al., 1999a). As shown in Fig. 3-6B and 
3-6C respectively, rgActB up-regulated FSHp but inhibited the expression of LHp, 
while treatment with rhFS resulted in opposite effects on the two GTHs' expression. 
We also tested the effects of rgFS in the pituitary (Fig. 3-8). rgFS had similar 
effects on FSHp (Fig. 3-8B) and LHp (Fig. 3-8C) expression. Follistatin (Fig. 3-8A) 
and FSHP expression in the pituitary had approximately 50% reduction in response to 
the treatment with 50 }il/ml conditioned medium from cloned rgFS-producing CHO 
cells. On the other hand, LHp mRNA level was increased by two folds after rgFS 
treatment. As the control, the same amount of conditioned medium from the control 
CHO cells exhibited no effects on the expression of FSHP and LHp. 
3J.4 Effects of sex steroids on pituitary follistatin expression 
To investigate the effects of sex steroids on goldfish pituitary follistatin, the 
expression of follistatin was analyzed in the pituitaries from ovariectomized and 
sham-operated fishes. Follistatin RNA level was shown to be elevated approximately 
by 40% in sham-operated fish 5 weeks after the operation, while ovariectomy brought 
the expression down to the level comparable to that of the control group (Fig. 3-9). 
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Fig. 3-6. Effects of rgActB and rhFS on the expression of goldfish pituitary follistatin 
(A), FSHp (B) and LHp (C) in the cultured pituitary cells, assayed by semi-quantitative 
RT-PCR. The cells were pre-incubated for 24 hrs before 48-hr treatment. The 
expression levels are expressed as the percentage of control (% control) after 
normalization with P-actin. Each value represents the mean 士 SEM of independent 
triplicate samples. *, p< 0.05 v .^ control; **, p< 0.001 v^. control 
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Fig. 3-7. Confirmation of the effects of rgActB and rhFS on the expression of goldfish 
pituitary follistatin expression with real-time RT PCR. The value is expressed as the 
ratio of the number of follistatin transcripts to that of P-actin. Below: Standard curve 
of the assay generated by serial diluted cDNA fragments. 
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Fig. 3-8. Effects of rhFS (100 ng/ml) and rgFS (50 ^il/ml) on the expression of goldfish 
pituitary follistatin (A), FSHp (B) and LHp (C) in the cultured pituitary cells, assayed 
by semi-quantitative RT-PCR. The cells were pre-incubated for 24 hrs before 48-hr 
treatment. The expression level is expressed as the percentage of control (% control) 
after normalization with P-actin. Each value represents the mean 土 SEM of 
independent samples in four replicates. *，p<0.05 v义 control; **，p< 0.001 v^. control 
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Fig. 3-9. Effect of ovariectomy (OVX) on goldfish pituitary follistatin expression, 
assayed by semi-quantitative RT-PCR. The values are combined data from two 
experiments. All fishes were reared for 5 weeks at the same environment as untreated 
control (Ctl). The expression level is expressed as the percentage of control (% control) 
after normalization with p-actin. Each value represents the mean 土 SEM of 
independent samples **, p< 0.001 V5. control 
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The result strongly suggests that gonadal sex steroids may have positive impact on the 
expression of follistatin in the pituitary. 
To further test this hypothesis, in vitro studies using dispersed pituitary cells were 
performed. The dispersed goldfish pituitary cells were exposed to various doses of T 
or E2 for 24 hrs after pre-incubation. Treatment with T (10-100 nM) significantly 
stimulated pituitary follistatin expression, with maximum response reached at 10 nM 
(Fig. 3-lOA). Similarly, E2 also stimulated follistatin expression. The stimulation was 
noticed at concentrations of 1-10 nM, and the maximal level was reached at 10 nM (Fig. 
3-11 A). Meanwhile, the expression of FSHp and LHp was also up-regulated by E2 in 
the same samples. A similar pattern was noticed for follistatin and FSHp (Fig. 3-llB), 
while LHP expression peaked at the lowest E2 concentration (0.1 nM) (Fig. 3-llC). 
3.3.5 Effect of GnRH on follistatin expression in the pituitary 
To investigate if GnRH exerts any influence on follistatin expression in the 
goldfish pituitary, we examined the effect of sGnRH in cultured goldfish pituitary cells. 
One experiment demonstrated that 24-hr treatment with static GnRH exerted a slight but 
significant stimulatory effect on pituitary follistatin at 10 nM (Fig. 3-12). However, 
follistain expression remained relatively unchanged at other concentrations of GnRH. 
3.3.6 Effect of intracellular cAMP level on pituitary follistatin expression 
Forskolin (FK) is an activator of adenylate cyclase and was used to examine 
whether the regulation of goldfish pituitary follistatin expression involves 
cAMP-dependent pathways. A preliminary experiment demonstrated that treatment of 
the cultured pituitary cells with 5 mM FK for 4 hrs significantly reduced follistatin 
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Fig. 3-10. Dose response of T effect on the expression of goldfish pituitary follistatin 
(A), FSHP (B) and LHp (C) in the cultured pituitary cells, assayed by semi-quantitative 
RT-PCR. The cells were pre-incubated for 24 hrs before 48-hr treatment with varied 
doses of T (0.1-100 nM). The expression level is expressed as the percentage of 
control (% control) after normalization with P-actin. Each value represents the mean 士 
SEM of independent samples in four replicates. p< 0.05 vs. control; **, p< 0.001 v义 
control 
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Fig. 3-11. Dose response of E2 effect on the expression of goldfish pituitary follistatin 
(A), FSHP (B) and LHp (C) in the cultured pituitary cells, assayed by semi-quantitative 
RT-PCR. The cells were pre-incubated for 24 hrs before 48-hr treatment with varied 
doses of E2 (0.1-100 nM). The expression level is expressed as the percentage of 
control (0/0 control) after normalization with p-actin. Each value represents the mean 土 
SEM of independent samples in four replicates. p< 0.05 v义 control; **, p< 0.001 v .^ 
control 
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Fig. 3-12. Time course (A) and dose response (B) of GnRH effect on follistatin 
expression in the static culture of goldfish pituitary cells, assayed by semi-quantitative 
RT-PCR. The expression level is expressed as the percentage of control (% control) 
after normalization with P-actin. Each value represents the mean 士 SEM of 
independent triplicate samples. *, p< 0.05 v .^ control. 
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mRNA level (Fig.3-13). A longer incubation period (24 hrs) did not cause further 
changes in the mRNA level of pituitary follistatin. 
3.3.7 Seasonal variation profile of goldfish pituitary follistatin 
To analyze the seasonal expression profile of follistatin in the pituitary, samples 
were collected every month for one year, and the expression level in each single 
pituitary was assayed with semi-quantitative RT-PCR assay. Although an interesting 
trend was noticed, the variation of follistatin expression was not statistically significant 
during the reproductive cycle (Fig. 3-14). The same RT sample was assayed for the 
expression of activin PB subunit and ActRII and ActRIIB receptors but the changes of 
mRNA level were not significant either (Lau and Ge, unpublished data). 
A plot of GSI was also done as a reference for the profile of gonadal stages (Fig. 
3-13). The vale of GSI increased gradually from November and reached the maximal 
level in Feburary, when most of the oocytes were fully grown. The GSI value started 
to decline in March and reached the lowest point in September, indicating that the ovary 
changed from ovulatory state to regression. 
3.4 Discussion 
Soon after the identification of follistatin from the ovarian follicular fluids (Esch et 
al., 1987, Robertson et al., 1987, Ueno et al., 1987), its expression has been 
demonstrated in many extra-gonadal tissues (Shimasaki et al., 1989)，implying its 
diverse functions. In accordance with the tissue distribution of activin PA and PB 
subunits (Meunier et al., 1988b), follistatin is found to be co-expressed with activin in 
humans (Wada et al., 1996) and other mammals 
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Fig. 3-13. Effect of forskolin (FK, 5mM)) on follistatin expression in cultured goldfish 
pituitary cells, assayed by semi-quantitative RT-PCR. The expression level is 
expressed as the percentage of control (% control) after normalization with p-actin. 
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Fig. 3-14. Seasonal profile of pituitary follistatin mRNA level (A). The assay was 
performed by semi-quantitative RT-PCR. Pituitatries were collected on monthly basis 
(7 fishes each) and assayed for follistatin expression. The expression level is 
normalized with p-actin. The annual profile of gonadosomatic index (GSI) is plotted 
to indicate the ovarian stage of the fish sampled (B). Each value represents the mean 土 
SEM. *, p< 0.05 v^ August; **, p<0.001 v^ August 
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(Michel et a l , 1990, Shimasaki et al.，1989). In the pituitary, co-localization of the two 
proteins (Gospodarowicz & Lau, 1989，Kogawa et al., 1991) suggests that the 
autocrine/paracrine control of FSHp and LHp by activin (Corrigan et al.，1991, DePaolo 
et al., 1992) is likely regulated by follistatin (Besecke et al., 1996, DePaolo et al., 1991) 
which binds to activin with high affinity (Shimonaka et al., 1991) to bio-neutralize 
activin (de Winter et al., 1996, Kogawa et a l , 1991，Nakamura et al., 1990). However, 
studies on activin system in controlling GTH biosynthesis is very limited in 
non-mammalian vertebrates including teleosts. Previously, an immunocytochemcial 
study has illustrated the presence of both activin p subunits in the goldfish pituitary (Ge 
et al., 1993) with the expression of its type IIB receptor also demonstrated at RNA level 
(Ge et al., 1997b). In agreement with this, mRNA of activin PB subunit has also been 
detected in the pituitary (Ge et al., 1997a). In this study, the expression of follistatin in 
the goldfish pituitary was demonstrated by RT-PCR, which leads to a hypothesis that a 
similar negative feedback loop involving activin and follistatin may also exist in the 
goldfish. 
To test this hypothesis, rgActB was used to challenge the cultured pituitary cells. 
In agreement with our previous findings (Yam et al., 1999a), rgActB differentially 
regulated FSHp (stimulated) and LHp (suppressed). These effects were reversed by 
both rhPS and conditioned medium of rgFS, which elicited totally opposite responses of 
goldfish FSHP and LHp, suggesting that its effects were due to the neutralization of 
endogenous activin in the pituitary. The presence of endogenous activin in goldfish 
pituitary cells also accounts for a less robust response to activin as reported in a number 
of studies using static pituitary cell culture (Besecke et al , 1996, Weiss et al., 1992) 
compared with the responses obtained using perifusion system. In comparison, the 
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extent of suppression of FSHp and stimulation of LHp by rhFS and conditioned 
medium of rgFS seemed to be greater than the responses induced by rgActB (Fig. 3-6, 
Fig. 3-7). It is noteworthy to state that conditioned medium from untransfected 
Flp-In™ CHO cells did not affect any gene expression. In other words, CHO cells did 
not secret any activin-modulating substance to the medium and the activin-inhibiting 
activity of rgFS conditioned medium should be due to follistatin. Interestingly, although 
follistatin antagonizes the effects of activin on FSH and LH, its expression in the 
goldfish pituitary was up-regulated concomitantly with FSHp in the pituitary by rgActB 
but blunted in the same way as FSHp upon follistatin treatment. This finding has led 
us to speculate that a regulatory feedback loop involving activin and follistatin exists in 
the goldfish pituitary. In other words, goldfish pituitary activin simultaneously 
regulates follistatin and GTHs expression. The increased negative influence of 
follistatin in response to activin in turn keeps the activities of activin in check. In 
mammals, it has been suggested that follistatin plays a more crucial role in the 
autocrine/paracrine control in the pituitary (Bilezikjian et al., 1996) because the 
magnitudes follistatin regulation were greater than activin subunits. 
In mammals, the concept of intrinsic feedback loop of activin has been 
demonstrated in detail after it was postulated (DePaolo et al., 1991). In vitro addition 
of activin induced a parallel increase of follistatin and FSH secretion from anterior 
pituitary cells in the rat (Bilezikjian et al., 1993) and sheep (Famworth et al., 1995). In 
agreement with this, treatment of pituitary cells with activin also increased follistatin 
mRNA levels (Besecke et al., 1996; Bilezikjian et al, 1996; Dalkin et al, 1996). On the 
other hand, injection of rhFS to ovariectomized rat blocked the expected rise of 
follistatin mRNA in the absence of gonadal factors (DePaolo et a l , 1993). Apart from 
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the high sequence homology of goldfish follistatin to mammalian follistatin (Fig. 2-3， 
Chapter 2), the similar pattern of follistatin regulation by activin across vertebrates 
clearly indicates that the fine-tuning of activin activity by follistatin plays a significant 
role in the activin-mediated autocrine/paracrine control in the pituitary. 
Since goldfish pituitary follistatin is a potential regulator of FSHP and LHP 
expression, it is not surprising that follistatin expression is regulated by sex steroids 
whose circulating levels change drastically during gonadal development. In the 
present study, physiological doses of T and E2 were found to stimulate pituitary 
follistatin expression in vitro, and the stimulatory responses were replicable at 
independent experiments. Indeed, a number of in vitro experiments have been 
conducted to study the steroidal impact on follistatin in the pituitary. Treatment of the 
rhesus moneky, Macaca mulatta, pituitary cells with T effectively stimulated follistatin 
expression (Kawakami et al., 2002) whereas steroids suppressed follistatin mRNA level 
in the rat (Besecke et al., 1996, Leal et al., 2002). The paradoxical effect is associated 
with different responses of FSHp expression, which was suppressed in rhesus moneky 
but enhanced in the rat by T. This species difference could be accounted for by the 
divergence of pituitary cell types expressing follistatin and their different responses to T 
(Kawakami et al , 2002). However, very limited studies have been conducted to 
demonstrate the regulatory role of E2 and follistatin. Bauer-Dantoin et al. (1996) 
showed that adminstration of E2 stimulates pituitary follistatin in ovariectomized rat. 
Blockade of the stimulation by a GnRH antagonist indicates the hypothalamic 
dependence of the E2 effect. The present study demonstrated an increase of both 
FSHP and LHP by physiological doses of T and E2. The steroidal effects on GTHp 
subunits are consistent with the findings from other laboratories using goldfish (Habibi 
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& Huggard，1998，Huggard et al., 1996) or other teleosts (Dickey & Swanson, 1998， 
Huang et al., 1997) as models. Interestingly, a concomitant increase of pituitary 
follistatin and GTHs was observed in the goldfish in response to T, contrasting the 
inverse regulation of pituitary follistatin and FSHp in mammals (Bilezikjian et al., 1996, 
Kawakami et al., 2002, Leal et al., 2002). This observation suggests that in the 
goldfish, although the pituitary activin-follistatin system is likely a critical regulatory 
mechanism that mediates the effects of other endocrine hormones such as steroids on 
the expression of the two GTHs, it may not be the only pathway, and other mechanisms 
may exist to mediate the actions of steroids at the pituitary level. 
The effects of gonadal steroids on pituitary follistatin expression were also 
confirmed by ovariectomy. The removal of ovary reduced pituitary follistatin in vivo 
when compared to sham-operated fishes. The result agrees well with the in vitro 
stimulatory effect of E2 and T at the pituitary level. The drop of follistatin mRNA level 
after removal of the ovary is consistent with the elevated FSHp mRNA level in 
ovariectomized goldfish (Kobayashi et al., 2000), suggesting that gonadal steroids may 
exert their negative feedback on GTHs, especially FSH, by enhancing the pituitary 
follistatin levels. However, studies using sexually regressed fish implanted with 
steroids potentiated GnRH-droven LH release, suggesting positive feedback by steroids 
on LH (Trudeau et al” 1993a, Trudeau et al.，1991, Trudeau et al., 1993c). However, 
whether gonadal steroids have positive feedback on FSH release remains unknown. 
The diffemet findings from studies using different approaches on the effects of steroid 
suggest that the responsiveness of goldfish pituitary cells to steroids may vary 
temporally. In a previous study, FSHp transcription was shown to be regulated by an 
inhibitory mechanism of sex steroids because ovariectomy caused an increase in FSHp 
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mRNA level which was abolished by implantation of steroid pellets. Prompted by the 
demonstration of a seasonal profile of GTH expression in the goldfish (Sohn et al., 
1999), rainbow trout (Santos et al., 2001) and striped bass (Holland et al., 2001), we 
also tried to assay if follistatin mRNA level changes during the reproductive cycle. To 
our disappointment, however, such seasonal variation pattern could not be clear 
established throughout a 12-month period. This is likely due to the variation of fishes 
sampled each month as different lots of fish were purchased for each sample collection 
(see session 3.2.6 for details). Possible variation of actin expression between 
individual pituitaries might be another explanation, since it directly affects the values of 
relative expression calculated. The experiment will be repeated using the same batch 
of fish while they go through the reproductive cycle. Other internal control of the 
RNA loaded, such as 18S，will be included to justify the estimated relative expression. 
It is noteworthy that the expression of pituitary follistatin in the sham-operated 
fishes increased relative to the untreated control fishes. This points to the possibility 
that the operational stress may lead to an increase in follistatin expression. Indeed, 
stress has been documented to disturb reproduction at different levels of the 
brain-pituitary-gonadal axis (Rivier & Rivest, 1991). In the rat, for instance, a 
long-term exposure to restraint stress resulted in a reduction of serum LH and 
hypothalamic LHRH content in intact males (Calogero et al., 1999，Lopez-Calderon et 
al., 1990). A report has demonstrated the effects of stress on fish reproduction by 
implantation of Cortisol pellets into the mature trout, which reduced its pituitary GTH 
contents and gonadal size (Carragher et al., 1989). Recently, some in vitro studies 
have demonstrated the relationship of corticosteroid and pituitary follistatin that a 
non-metabolizable Cortisol, dexamethasone, stimulated pituitary follistatin secretion 
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(Bilezikjian et al., 2003) and expression (Leal et al.，2002) while inhibiting the 
expression of activin p subunits. It indicates that pituitary activin and follistatin is 
involved in the regulation of GTH under stress conditions. In view of these 
observations in mammals, it is not surprising that the level of goldfish follistatin mRNA 
in the pituitary increased after surgery, and this stress-induced follistatin response may 
be partly implicated in the reproductive disorders caused by stress. This would be an 
interesting issue for further investigation in the future. 
In the tilapia, treatment of the pituitary cells with GnRH in the static culture 
caused a marked stimulation of LHp expression (Melamed et al., 1996)，an effect that 
mimicked high frequency of GnRH pulses. In the present study, static incubation of 
the cultured pituitary cells with GnRH slightly up-regulated pituitary follistatin in vitro, 
suggesting that the pituitary-derived follistatin may contribute to the GnRH regulation 
of FSHp and LHp in the goldfish (Khakoo et al” 1994, Klausen et al., 2001, Peter et al” 
1986). Since GnRH is released in a pulsatile manner (Belchetz et al., 1978) to govern 
GTH expression and release in vertebrates, studies using continuous in vitro treatment 
with GnRH should be interpreted with caution. In mammals, FSHp expression was 
reduced (Attardi et al., 1989，Bedecarrats & Kaiser，2003, Fujii et al., 2002) but pituitary 
follistatin was up-regulated (Besecke et al., 1996，Bilezikjian et al., 1996，Fujii et al., 
2002) by high frequency of GnRH pulses (Besecke et al., 1996). The involvement of 
pituitary follistatin in GnRH regulation of GTHs was clearly illustrated by a 
follistatin-deficient gonadotroph cell line (LpT2 cell) which showed up-regulation of 
FSHP in response to static GnRH (Fujii et al.，2002), in contrast to the suppression 
observed in primary pituitary culture. Since our experiment was a preliminary one, 
further in vivo studies are required to explore if follistatin is involved in mediating 
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GnRH regulation of GTH p subunits. 
As a preliminary experiment to explore the signal transduction mechanisms 
involved in regulating follistatin expression, the effect of increased intracellular cAMP 
was examined. In contrast to the stimulatory effects of increasing intracellular cAMP 
level on mammalian follistatin transcription in the pituitary (Bilezikjian et a l , 1996, 
Miyanaga & Shimasaki，1993), goldfish pituitary follistatin mRNA level was effectively 
reduced by FK shortly after its application. It suggests that the stimulatory effects 
given by sex steroids and GnRH could be a blockade of cAMP pathways. Further 
experiments will be performed to confirm the cAMP-dependence of pituitary follistatin 
expression in the goldfish. 
To summarize, the present study confirmed our previous reports that activin has 
differential effects on the expression of goldfish FSHp and LHp； however, activin also 
stimulates the expression of follistatin, which in turn modulates the activities of activin 
through a negative feedback loop. This phenomenon seems to be highly conserved in 
vertebrates, demonstrating the physiological significance of activin-follistatin system in 
controlling the levels of FSH and LH. Furthermore, expression of follistatin in the 
system is modulated by sex steroids, and possibly GnRH as well, suggesting that the 
pituitary activin-follistatin system may mediate the regulation of FSH and LH by 






As in mammals, the gonadal development and maturation in teleosts are governed 
by GTH from the pituitary (Goetz, 1983，Nagahama, 1987，Yamazaki & Donaldson， 
1968). Since the purification of two distinct GTHs from salmons (Suzuki et al., 1988a， 
Suzuki et al., 1988b), the concept of GTH duality has been firmly established in a 
variety of teleosts including the goldfish (Yoshiura et al., 1997) by either purification or 
cloning (Yoshiura et al., 1997). In the goldfish, extensive studies have been performed 
on the regulation of GTHs, especially LH (previously called GTH-II), by the 
hypothalamic factors such as GnRH (Chang et al., 1990a, Chang et al., 1990b, Khakoo 
et al., 1994，Klausen et al., 2001, Murthy et al., 1994, Peter et al., 1990, Trudeau, 1997) 
and DA (Chang & Peter, 1983, Omeljaniuk et al., 1987, Van Goor et al., 1998), and 
gondal steroids (Habibi & Huggard, 1998, Huggard et al., 1996, Kobayashi et al., 1989， 
Kobayashi et al.，2000, Trudeau et al., 1993a, Trudeau et al., 1991, Trudeau et al., 1993b, 
Trudeau et al., 1993c). In addition, evidence has been accumulating that the pituitary 
GTHs, FSH and LH, are also subject to the regulation by local paracrine/autocrine 
factors, particularly the activin family of growth and differentiation factors (Ge et al., 
1993, Ge et al., 1997a, Ge et al., 1997b). 
Activin was originally isolated from ovarian follicular fluid in mammals (Ling et 
al., 1986a，Ling et a l , 1986b, Vale et al.，1986) and characterized as a member of TGFp 
superfamily that stimulates FSH release from cultured pituitary cells without significant 
effect on LH (Ling et al., 1986a, Vale et al.，1986). Structural analysis revealed that 
activin exists as three isoforms (activin A, B and AB) consisting of homo- and 
hetero-dimeric combinations of two distinct (3 subunits, pA and pB (Ling et al., 1986a, 
Ling et al., 1986b, Vale et al., 1986). In addition to the gonads, activin has been 
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demonstrated in a variety of tissues including the pituitary (Meunier et al., 1988a). As 
the first piece of evidence for the function of pituitary activin in the regulation of GTH 
biosynthesis, Corrigan (1991) documented that in vitro application of 
activin-neutralizing antibody to culured pituitary cells resulted in significant attenuation 
of basal FSH release, indicating the paracrine/autocrine role of pituitary activin on FSH. 
Unlike the situation in mammals where activin specifically stimulates FSH biosynthesis 
without effect on LH (Ying，1988), our previous data (Yam et al , 1999a) demonstrated 
that activin differentially regulated goldfish FSHp and LHp expression in vitro by 
stimulating FSHp but suppressing LHp. 
The activity of activin is tightly modulated by a monomeric glycosylated protein 
termed follistatin. It was first isolated from the FSH-suppressing fraction of ovarian 
follicular fluid (Esch et al, 1987, Robertson et al , 1987, Ueno et al, 1987) and 
characterized to be structurally unrelated to TGFp family. Due to its low inhibitory 
potency on FSH release compared to that of inhibin (Robertson et al., 1990, Ying et al., 
1987), follistatin had not been considered as a critical regulator until 1990 when the 
monomeric glycoprotein was demonstrated to be an activin-binding protein that 
functions by neutralizing activin activities (Nakamura et al., 1990). Instead of 
competing with activin for the same receptors like inhibin, the amino terminal of 
follistatin (Sidis et al., 2001) binds activin (3 subunits with extremely high affinity 
(Nakamura et al” 1990，Shimonaka et al.，1991). In other words, follistatin prevents 
activin from binding to its ligand-specific receptor to cause intracellular responses. In 
the goldfish, application of rhFS to the cultured pituitary cells in vitro completely 
reversed FSH and LH response to activin (Yam et al., 1999a) in a dose dependent 
manner (Yuen, 2001). 
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Recently, follistatin was cloned in the zebrafish (Bauer et al., 1998)，representing 
the first identification of the protein in teleosts; however, its biological activity in the 
pituitary as an activin-binding protein and its regulation have not been characterized yet. 
4.2 Contribution of the Present Study 
4.2.1 Cloning of full-length goldfish follistatin cDNA 
In this study, the full-length cDNA of goldfish follistatin has been isolated from the 
ovary by RACE approach. Open reading frame analysis shows that it encodes a 
precursor of 323 amino acid with a 34-residue signal peptide located at the amino 
terminal. The mature peptide shows 75% sequence identity with follistatin isolated 
from other vertebrates, whereas the alignment with zebrafish follistatin exhibits 95% 
identity. Compared with the mammalian FS 315, the cloned goldfish follistatin lacks 
the last 27 amino residues at the carboxyl terminal, which has also been reported in 
zebrafish, Danio rerio (Bauer, 1998). Whether the long FS 315 form also exist in fish 
remains unknown, and the attempt to examine if alternative splicing of follistatin occurs 
at the carboxyl terminal by PCR flanking the potential splicing site failed to generate 
specific product. 
Goldfish follistatin was shown to be co-expressed with activin subunits (Ge et al., 
1997a) and receptors (Ge et al, 1997b) along the brain-pituitary-gonadal axis, as well as 
some other somatic tissues, which is consistent with other studies in mammals (Meunier 
et al., 1988b, Michel et al., 1990). Localization of both activin and follistatin in the 
goldfish pituitary suggests that their relative expression levels may play a role in 
determining the basal expression levels of FSH and LH in light of the differential effects 
of activin on the two GTHs. It is conceivable that the pituitary activin-follistatin 
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system may mediate the response of FSH and LH to the classic GTH regulators such as 
GnRH and gonadal steroids. Studies on the regulation of pituitary activin and 
follistatin would provide important clues to this hypothesis. 
4.2.2 Establishment of stable cell lines for expression of rgFS 
After a CHO cell line stably expressing goldfish follistatin was established, the 
functional identity of the protein was illustrated by the suppressive effect of the 
conditioned medium on the activin-induced differentiation of a leukemia cell line, F5-5, 
in EDF assay. This makes goldfish the first teleost model that has both recombinant 
activin (Ge et al., 1997a, Yam et al., 1999b) and its binding protein follistatin available. 
The availability of these recombinant proteins contributes significantly to our further 
comparative studies on the actions of activin-follistatin system, as purification of the 
native proteins are difficult due to their relative low abundance, and the heterogeneous 
proteins from other species may have different specificity and poor potency in their 
actions. 
4.23 Evidence for the presence of intrinsic feedback loop of activin in the goldfish 
pituitary 
The hypothesis of an intrinsic feedback loop of activin was demonstrated by the 
effect of activin on its negative modulator, follistatin. Treatment of the cultured 
goldfish pituitary cells with rgActB significantly stimulated the expression of follistatin. 
The stimulatory effect of activin was further confirmed by both rhFS and rgFS 
conditioned medium, which attenuated the level of follistatin expression in vitro. 
These results also agree well with the observations in mammals (Besecke et al” 1996， 
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Bilezikjian et al., 1996，Dalkin et al., 1996). The functions of activin-follistatin 
feedback loop have been further confirmed by the observation that the treatment of 
cultured goldfish pituitary cells with follistatin alone resulted in a down-regulation of 
FSHP but up-regulation of LHp expression, whereas activin alone caused a concomitant 
increase of both follistatin and FSHp expression but a decrease of LHp expression. 
4.2.4 Modulation of follistatin expression in the pituitary by sex steroids 
In the present study, the stimulatory effects of E2 and T on goldfish pituitary 
follistatin were demonstrated in both the cultured pituitary cells and ovariectomized 
animals, which contrasts the suppressive response to steroids as reported in rats 
(Bilezikjian et al., 1996，Leal et al., 2002). The results suggest that the pituitary 
activin-follistatin system may contribute to the steroidal regulation of goldfish FSH and 
LH. The dose-dependent stimulation by the two steroids raised another question 
regarding the seasonal expression profile of follistatin because the steroid levels varied 
significantly throughout the ovarian cycle. Unfortunately, a preliminary experiment 
failed to reveal a clear trend of follistatin expression during a 12-month reproductive 
cycle mainly because of the variation of the fish obtained and sampled each month. In 
agreement with our previous studies (Yuen, 2001), the present study also demonstrated 
the stimulatory effects of steroids on FSHp and LHp at the pituitary level. 
4.2.5 Conclusions 
The role of pituitary follistatin in the regulation of goldfish FSHp and LHp 
expression is summarized in Fig. 4-1. In the goldfish, pituitary activin differentially 
regulates FSHp and LHp. Simultaneously, it stimulates the expression of its binding 
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Fig. 4-1 Proposed model of the intrinsic regulatory feedback loop of activin in the 
goldfish pituitary. Its relationship with the circulating steroids was also shown. 
94 
protein follistatin, which is likely representing a negative feedback mechanism to keep 
the activities of activin in check. The system was also modulated by sex steroids which 
stimulate the expression of follistatin, and appeared to be influenced by hypothalamic 
GnRH. These lines of evidence suggest that the pituitary activin-follistatin system 
may serve as an important regulatory point that relays the effects of endocrine and 
neuroendocrine factors on the biosynthesis of FSH and LH. 
4.3 Future Prospects 
4.3.1 Production of rgFS 
Although a stable cell line for recombinant production of goldfish follistatin has 
been established in the present study, the protein has not been purified. There are two 
problems in using the rgFS conditioned medium. First, although the conditioned 
medium is potent in suppressing activin activity, it is difficult to quantitate the amount 
of recombinant protein. Second, although our experiments were carried out with strict 
controls with the medium from normal CHO cells, the possibility of interaction of 
recombinant follistatin with serum factors cannot be fully ruled out. 
43,2 Regulation of activin-follistatin system in the pituitary 
The present study has shown that an intrinsic feedback loop involving activin and 
follistatin is present in the goldfish pituitary, and the regulation of follistatin expression 
is subject to the regulation by gonadal steroids and hypothalamic factors. However, 
we have no idea about whether the expression of activin subunits and its receptors are 
also influenced by endocrine and neuroendocrine inputs. Further studies on these will 
significantly contribute to our understanding of the role of this intrinsic system in the 
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regulation of pituitary hormone synthesis and secretion. On the other hand, most 
studies performed in the present study were based on in vitro approaches, further in vivo 
studies such as steroid implantation on ovariectomized and sexually regressed fish 
should be done to confirm the findings of the present study. In addition, the 
investigation on seasonal profile of follistatin expression should be done with the same 
lot of goldfish to minimize the variation of animals. The study on hypothalamic 
effects (GnRH) is preliminary at present, and extensive studies on GnRH, PACAP, DA 
and other neuropeptides or neurotransmitters can be done to demonstrate how much the 
pituitary activin-follistatin system is involved in mediating the hypothalamic regulation 
of GTH. Knowledge on the source of follistatin expression is also essential for us to 
understand the intrapituitary communication involving activin and follistatin. 
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